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Stellingen 
1. De initiatie van knolontwikkeling in het (sub)apikale deel van de stoloon gaat gepaard met een 
switch van een invertase-gedomineerde saccharose-afbraak route in een saccharose synthase 
gekatalyseerde saccharose-afbraak route. 
(Ross et al., 1994; dit proefschrift) 
2. De mogelijkheid dat in sink-organen met een invertase-gedomineerd saccharose-afbraak systeem 
een cytosolische vorm van oplosbaar pyrofosfatase voorkomt, kan niet uitgesloten worden. 
(du Jardin et al., 1995; dit proefschrift) 
3. Voor de verdere groei van de knol na zijn initiele fase en de accumulatie van zetmeel in deze 
groeiperiode lijkt geen sterke toename in het glycolytisch potentieel nodig te zijn. 
(dit proefschrift) 
4. De knolontwikkeling-gerelateerde afhame in de cytosolische hexose-fosfaat 'pool' voorkomt dat 
de saccharose-(re)synthese via saccharose-fosfaat synthase een te grote vlucht zou nemen wat ten 
koste zou gaan van de netto flux van koolhydraten richting zetmeelsynthese. 
(dit proefschrift; Trethewey et al., 1999 [Planta 208: 227-238]) 
5. De apoplastische productie van glucose door celwand-gebonden invertase speelt een vermoedelijk 
inducerende roi in de celdeling tijdens de groeifase van stolonen. 
(dit proefschrift) 
6. De conclusie dat de aktiviteit van hexokinase verandert in antisense saccharose-synthase 
aardappelknoUen (Zrenner et al., 1995) is onjuist, omdat deze uitgedrukt is op basis van een sterk 
dalend eiwitgehalte en indien uitgedrukt op basis van versgewicht geen significante verandering 
t.o.v. het wildtype laat zien. 
7. Zonder de gelijktijdige introductie van de XTC-pil in de 'House'-scene zou deze stroming in de 
muziek nooit zo'n grote populariteit gekend hebben. 
8. Het leven op aarde kenmerkt zich o.a. door het vermogen om geweld tegen organismen van 
andere soorten te gebruiken. In dit perspectief gezien is het onverstandig om boodschappen van de 
mensheid de ruimte in te sturen en onze aanwezigheid aan 'anderen' prijs te geven. 
9. Een wetenschapper die niet van 'Science Fiction' en/of 'Fantasy' houdt zal alleen door louter 
toeval en geluk grensverleggend bezig kunnen zijn. 
10. Biologen die niet kunnen koken moet men niet in het laboratorium laten werken. 
11. Als het succes van de evolutie aan de toename in soortenrijkdom gerelateerd kan worden, dan 
vormt de uiteindelijke ontwikkeling van de mens met zijn destructieve invloed op het genetisch 
uitgangsmateriaal toch een duidelijk foutje. 
Stellingen behorend bij het proefschrift 'Developmental changes in carbohydrate metabolism during 
early tuberisation of potato'. 
Niek Appeldoorn 
Wageningen, 29 november 1999. 
2P\{Z1^ 
Niek Appeldoorn 
Developmental changes in carbohydrate metabolism during 
early tuberisation of potato 
Proefschrift 
ter verkrijging van de graad van doctor 
op gezag van de rector magnificus 
van de Wageningen Universiteit, 
Dr. CM. Karssen 
in het openbaar te verdedigen 
op maandag 29 november 1999 
des namiddags te vier uur in de aula. 
0^8 
The investigation described in this thesis was carried out at the Laboratory of Plant Physiology 
and at the Laboratory of Plant Breeding, Wageningen University. The research was supported 
by a grant from the Netherlands Organisation for Scientific Research (NWO, Stichting voor 
Nederlands Wetenschappelijk Onderzoek), coordinated through the Foundation for Life 
Sciences (Stichting voor Levenswetenschappen). 
CIP-DATA KONINKLIJKE BIBLIOTHEEK, DEN HAAG 
Appeldoorn, N. J. G. 
Developmental changes in carbohydrate metabolism during early tuberisation of potato. 
Thesis Wageningen University- With references- With summaries in English and Dutch. 
Laboratory of Plant Physiology, Arboretumlaan 4, 6703 BD, Wageningen, NL. Laboratory of 






Bij het tot stand komen van dit proefschrifit hebben een aantal mensen een belangrijke rol 
gepeeld, die ik bij deze daarvoor graag wil bedanken. Allereerst mijn begeleiders Richard 
Visser, Dick Vreugdenhil en Linus van der Plas. Jullie gaven me alle ruimte van de wereld om 
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Abbreviations 
Related to carbohydrate metabolism: 
ADPGlc, ADP-glucose; AGPase, ADPGlc pyrophosphorylase; Aid, aldolase; Am, amylase; 
APPase, alkaline pyrophosphatase; BE, branching enzyme; DHAP, dihydroxyacetonephos-
phate; FK, fructokinase; Frul,6bisP, fructose-1,6-bisphosphate; Fru6P, fructose-6-phosphate; 
GA3P, glyceraldehyde-3-phosphate; GBSS, granule bound starch synthase; GlclP, glucose-1-
phosphate; Glc6P, glucose-6-phosphate; G6PDH, glucose-6-phosphate dehydrogenase; HK, 
hexokinase; Hex TP, hexose transporter; NAD, nicotinamide-adenine dinucleotide; PEP, 
phosphoenolpyruvate; 3PGA, 3-phosphoglycerate; 6PGDH, 6-phosphogluconate 
dehydrogenase; PGI, phosphogluco-isomerase; PGM, phosphoglucomutase; 6PGlcn, 6-
phosphogluconate; PFK, phosphofructokinase; PFP, pyrophospate:fructose-6-phosphate 
phosphotransferase; Pi, inorganic phosphate; PK, pyruvate kinase; PPi, pyrophosphate; Rb5P, 
ribulose-5-phosphate; SSS, soluble starch synthase; STP, starch phosphorylase; Suc6P, 
sucrose-6-phosphate; Sue TP, sucrose transporter; TPI, triosephosphate isomerase; UDPGlc, 
UDP-glucose; UGPase, UDPGlc pyrophosphorylase 
General: 
BSA, bovine serum albumin; DTT, dithiothreitol; DW, Dry Weight; EDTA, ethylenediamine 





The potato crop 
The potato {Solarium tuberosum L.) originates from the Andes in South America. It was 
introduced into Europe in ca 1570. Nowadays, the potato is grown in more than 70% of all 
countries and after wheat, rice and maize it has become the world's fourth important crop in 
terms of annual production. 
Generally, the potato is propagated vegetatively by means of tubers. A tuber is an underground 
growing, modified stem (shortened and thickened) that bears scale leaves with axillary buds. 
This vegetative, specialised storage organ is initiated and formed during the growth-season of 
the potato plant (Fig. 1). After its initiation, subsequent growth and maturation, a tuber enters 
Fig. 1 Photo of a tuberising 
potato plant, showing all the 
different stages of the tuberisa-
tion process. 
the physiological stage of dormancy, which is meant to survive a period unfavourable for 
growth. At the end of this period, dormancy breakage occurs, resulting in the sprouting of the 
tuber and the development of a whole new plant within a relatively short period of time. It is 
obvious that in the whole life cycle of a potato tuber, the initiation phase represents a highly 
important step, which has received considerable interest in the past decades. How this process 
is regulated at plant and organ level, and which factors determine and affect tuber 
organogenesis, is not only of fundamental interest, but also of economical interest. More 
insight in the regulation of tuber initiation may lead to the development of methods controlling 
the time-point of initiation and the number of tubers per plant. Both can have a direct effect on 
crop-related parameters such as final tuber size, the variation in tuber size versus tuber number, 
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and the total yield per plant. These issues are all economically relevant for breeding companies 
producing seed tubers and tubers for consumption, and for the food processing industry 
producing chips, frites, puree and other products. 
During tuber formation a large amount of the imported photosynthates is converted into the 
storage product starch. Starch serves as a source of carbon and energy for the growth and 
development of a new plant after sprouting of the tuber. Not only in tubers it does constitute 
the majority of the dry matter accumulating during growth, but also in other important crops 
like wheat, rice, cassava and maize, thereby being a prime source of calories in the human diet. 
In addition, starch is used in the starch processing industry with many industrial applications. 
In the laboratories of Plant Physiology and Plant Breeding of Wageningen University (WU), 
the regulation of the onset of tuberisation and of starch biosynthesis are important research 
topics. This research has led to the identification and characterisation of factors involved in the 
regulation of tuber induction or in the regulation of starch biosynthesis. However, whether and 
how these two processes might be coordinated, is still largely unknown. This thesis describes 
an integrated approach of research by these two laboratories, attempting to fill this gap of 
knowledge by studying the changes in the biochemical processes involved in sucrose-starch 
conversion during the very early stages of tuberisation and tuber growth. 
Tuberisation 
Tuberisation in potato is a complex developmental process resulting in the differentiation of 
an underground stolon into a specialised storage organ, i.e. the tuber (Cutter 1978; Fig. 2). This 
=°P 
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Fig. 2 . Subsequent stages of tuberisation and tuber growth. The hatched areas represent regions in which cell 
division occur. The underground growing stolon is initiated in axillary buds of the stem. Stolon growth is a result 
of transversal divisions of the cells in the whole (sub)apical region and subsequent extension of the newly formed 
cells (I). After the stolon has ceased to elongate, cells in the subapical region start to enlarge and divide 
longitudinally, resulting in swelling of this zone (II). Later, cell divisions occur in randomly oriented planes of 
division. After the tuber has reached a diameter of 0.8 cm, cell divisions (and enlargement) occur primarily in the 
perimedullary zone, forming the bulk of the mature tuber (III, IV). 
process comprises the following, sequential steps (Vreugdenhil and Struik 1989): 
A. Stolon induction and initiation; stolons or rhizomes are diagravitropically growing stem-like 
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shoots, which are induced in the underground nodes (axillary buds) present on the stem base of 
a potato plant. Although induction and initiation are closely related processes, they are 
physiologically different. Induction is caused by a change in the levels of one or more 
regulators (e.g. hormones), leading to the initiation of new plant organs, such as stolons. 
However, as induction and initiation are experimentally difficult to distinguish, these two 
processes are often combined and in literature generally not referred to as two defined, distinct 
processes. 
B. Stolon growth; the elongation and branching of stolons. 
C. Inhibition of the longitudinal growth of a stolon. 
D. Tuber induction and initiation; tuber initiation is characterized by the, first visible, 
appearance of radial growth of the subapical region of the stolon tip. 
E. Growth of the tuber. 
Each of these distinct steps is influenced and/or controlled by environmental factors such as 
day length and temperature (Ewing and Wareing 1978; Ewing 1985). For instance, high 
temperatures inhibit the induction of tuberisation in stolons (Ewing and Struik 1992), whereas 
short photoperiods, or actually long-night conditions, are tuber inducing. Interruption of a long 
night with a short period of red light prevents tuberisation, but this effect can be partially 
reversed by a subsequent treatment with far-red light (Batutis and Ewing 1982). This photo-
reversible effect on tuberisation indicates that the influence of the duration of the dark period 
may be mediated by phytochrome. Transgenic plants with severe reduction of phytochrome 
levels (PHYB) by reversed genetics, formed tubers even under conditions of continuous light, 
reflecting a strongly induced state of the antisense plants and that PHYB plays a role in 
preventing tuberisation under long day conditions (Jackson et al, 1996). This control by 
environmental factors is most likely exerted by changes in hormone contents and/or in 
sensitivity for the different hormones (Vreugdenhil and Struik 1989; Ewing and Struik 1992; 
Jackson 1999). All classes of hormones known, have some effect on one or more aspects of the 
different steps leading to tuber formation, but it is thought that especially gibberellins (GA) 
present in the leaves, stems and the below-ground parts of the potato plant could play a 
prominent role in tuberisation (Vreugdenhil and Struik 1989; Ewing and Struik 1992; Jackson 
1999). This may be deduced from (i) the high endogenous levels observed under non-inductive 
conditions versus the lower levels under inducing conditions (Jackson 1999; Vreugdenhil and 
Sergeeva 1999), (ii) the high levels in elongating stolons, which decrease after the onset of 
swelling (Okazawa 1967; Koda and Okazawa 1983), (iii) the ability of gibberellins to prevent 
tuber induction and to stimulate stolon elongation after exogenous application (Lovell and 
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Booth 1967; Koda and Okazawa 1983; Vreugdenhil and Struik 1989), and (iiii) the 
enhancement of tuberisation by applying blockers of GA-biosynthesis (Menzel 1980; Balamini 
and Poovaiah 1985; Jackson 1999). 
Changes in sugar (notably sucrose) levels may also play a role in tuberisation (Lawrence and 
Barker 1963; Salanoubat and Belliard 1989; Garner and Blake 1989). These changes may be 
mediated by the possible effect of hormones on expression of genes involved in sugar 
metabolism and on processes affecting long-distance transport of assimilates. However, which 
biochemical and molecular mechanisms regulate and determine the different steps of 
tuberisation is largely unknown. 
Tuberisation is accompanied by the conversion of available photosynthate into storage 
products. 
When a potato plant starts to tuberise several changes occur in the whole plant, such as 
reduction of root and shoot growth (Vreugdenhil and Struik 1989). Some of these changes are 
directly related to the synthesis of available carbohydrates, their distribution and their conver-
sion into storage products. They include: 
- an enhancement of the CO2 assimilation in the photosynthetic-active parts of the plant, 
- a doubling in the amount of photosynthate transported, of which more than 90% will be 
translocated towards the developing tubers, 
- a fast increase in starch content in the subapical part of the tuberising stolon, accompanied by 
an increase in sucrose content, whereas the content of reducing sugars (fructose and glucose) 
decreases (Sowokinos 1976; Davies 1984; Mares et al., 1985; van Es and Hartmans 1987). 
Besides the massive accumulation of starch, tuber formation is also biochemically 
characterised by the extensive synthesis of a specific set of storage proteins (Obata-Sasamato 
and Suzuki 1979; Park et al, 1985). The major members of these storage proteins are patatin, a 
family of glycoproteins with a lipid-acyl hydrolase and transferase activity, and proteinase 
inhibitors (Racusen and Foote 1980; Keil et al., 1990; Park 1990). For patatin it is known that 
it can comprise up to 40% of the soluble protein content of developing tubers (Hendriks et al., 
1991 and references therein). These proteins are often used as a biochemical marker for 
tuberisation (Park 1990). Although the presence of these proteins may be closely associated 
with normal tuberisation and, therefore, could provide a good indication for the transition of a 
stolon into a tuber, they are not strictly correlated with tuberisation. First, like starch, the 
synthesis and accumulation of patatin and proteinase inhibitors can be induced by sugars in 
tissues other than tuberising stolons like stems and leaves (Paiva 1983; Rocha-Sosa et al., 
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1989; Wenzler et al., 1989; Johnson and Ryan 1990; Park 1990; Prat et al., 1990). Secondly, 
the strong reduction in the expression of these proteins in antisense AGPase plants, which still 
formed tubers, but with strongly declined starch levels (Miiller-Rober et al., 1992), indicates 
that the morphogenetic process of tuberisation itself is not the sole determining factor in the 
induction and modulation of the synthesis and accumulation of these storage proteins. 
Tuberisation is a continuous and asynchronous process 
Tuberisation is a continuous process (Vreugdenhil and Struik 1989), which means that on 
one plant simultaneously all the different developmental stages from stolon induction to tuber 
growth may occur (Fig. 1). Once a potato plant has started to tuberise, in principle all stolons 
present can be induced. Whether and when this occurs depends on the physiological condition 
of the respective stolon, which seems to correlate with its typical stolon characteristics such as 
position on the stem and time point of initiation (Struik et al., 1991). Tuberisation is also an 
asynchronous process in which it is still not possible to predict when a stolon initiates the 
developmental programme leading to a tuber. Moreover, due to this lack of synchronicity, it 
cannot be excluded that the different developmental stages of tuberisation on one plant will 
influence each other and that similar processes may be initiated in tubers of different ages. 
Indirect support for these assumptions comes from the observation that tubers of the same size 
can differ considerably in age and that small tubers are not per se younger than large tubers 
(Struik et al., 1991). Furthermore, removal of fast growing tubers from a tuberising plant or 
reduction of growth-rate of individual tubers by cooling, has shown to result in an 
enhancement of growth of the other, remaining, tubers (Engels and Marschner 1986 and 1987; 
Sattelmacher and Laidig 1991). 
In vitro tuberisation 
Although under normal conditions tubers are initiated in the subapical region of stolons 
(Cutter 1978), every shoot meristem, apex or axillary bud has the capacity to form tubers. This 
ability can be used to initiate and culture tubers under in vitro conditions (e.g. Gregory 1956; 
Okazawa 1967; Koda and Okazawa 1983; Ewing 1985). These in vitro tubers resemble normal 
soil-grown tubers with respect to morphology, protein and starch content (Paiva et al., 1982; 
Peterson et al., 1985; Hovenkamp-Hermelink et al., 1988). To study in detail time-course 
changes during tuberisation at the morphological, biochemical and molecular level in order to 
unravel mechanisms and processses involved in the regulation of this developmental 
programme, plant material in well-defined, sequential developmental stages is required. A 
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highly synchronous in vitro tuberisation system complies with the demands of such plant 
material (Hendriks et al., 1991; Perl et al., 1991). Moreover, the individual explants will not be 
influenced by each other during tuberisation, another important advantage of an in vitro 
system, as compared to soil-grown tubers. Such an in vitro tuberisation system, in which tuber 
induction occurs highly synchronously and can be controlled by changing single components 
in the medium, has been developed for the potato variety 'Bintje' (Figs 3A and B [p. 8]; 
Hendriks et al., 1991; Visser et al., 1994; Appeldoorn et al., 1997; Vreugdenhil et al., 1998). 
This system, which is based on axillary buds, derived from the main stem of potato plants 
grown under 'tuber-inducing' day-length conditions, is an ideal instrument for the analysis of 
development-related changes in carbohydrate metabolism during stolon-to-tuber transition. 
Carbohydrate metabolism during tuberisation 
Definition of source and sink organs 
Plant organs can be distinguished into two different types; (a) source organs, defined as net 
exporters of carbohydrates and represented by mature leaves, exporting photo-assimilates, and 
(b) sink organs, defined as net importers of carbohydrates (Muller-Rober et al., 1990; 
Sonnewald 1992). At least two types of sink organs can be distinguished. The utilisation sinks 
represent metabolically highly active, rapidly growing tissues such as meristems and immature 
leaves, which use the imported carbohydrates mainly for growth. The storage sinks, like tubers, 
seeds or tuberous roots, are able to store a large amount of the imported photosynthate as 
storage products such as starch, sucrose, fatty acids and proteins. The classification of organs 
as source or sink ones is not static, as some organs are capable of switching from net import to 
net export of carbohydrates. In potato plants rapidly elongating stolons represent utilisation 
sinks, and tuberising stolons are important storage sinks, which are able to accumulate high 
levels of starch in their amyloplasts. Finally, during the life cycle of a potato tuber the 
transition of a sink organ into a source organ occurs, when the tuber starts to sprout and to 
mobilise the stored starch for the growing and developing new plant. 
Phloem unloading and sucrolysis 
In most plants, including potato, the photosynthate produced in source tissues, is mainly 
exported in the form of sucrose. After loading into the phloem in the leaves and phloem-
mediated translocation towards the underground developing sink tissues, sucrose can be 









Fig. 3 (A) Schematic drawing of the in vitro tuberisation system based on axillary buds of the main stem of 
tuberising potato plants. In vitro grown and multiplied plants are transferred to soil (1) and grown for four weeks 
under long day conditions (2) in a climate chamber. To bring plants in a tuber-inducing state a treatment for 3 
weeks under short day conditions is required (3). Single node cuttings containing an axillary bud from the main 
stem are placed on tuber-inducing medium (4) and cultured in the dark for 10 days (5). For more details on the in 
vitro system and harvested plant material see chapter 2. (B) Schematic drawing of an in vitro tuber (formed on 
inducing medium), and a stoloniferous shoot (formed on non-inducing medium). 
walls) or in a symplastic way (via plasmodesmata) (Fig. 4 [p. 10]; ap Rees 1991). Apoplastic 
uptake of sucrose by the cells may occur via a sucrose transporter or, after hydrolysis by a cell 
wall-bound invertase (CWI), as hexoses via hexose transporters (Frommer and Sonnewald 
1995). Sucrose can be fed into carbohydrate metabolism by the activity of the (intracellular) 
enzyme sucrose synthase (Susy) or by an (apoplastic or intracellular) invertase (Fig. 4; Sung et 
al., 1989). After this sucrolysis and phosphorylation of the resulting products by specific 
hexose-phosphorylating enzymes (Renz and Stitt 1993), the hexose-phosphates (hexose-P) can 
be channelled into glycolysis, the oxidative pentose phosphate pathway (OPPP), the cell wall 
synthesis route, or the starch synthesis route (Blakely and Dennis 1993; Fig. 4). 
Starch synthesis 
Starch is synthesised in the amyloplasts of potato parenchyma cells by the consecutive 
activity of ADPglucose pyrophosphorylase (AGPase), starch synthase(s) and branching 
enzyme(s) (Prat et al., 1990, Fig. 4). Whether the enzyme phosphoglucomutase is also involved 
in this process, depends on the form in which the phosphorylated glucose is transported across 
the amyloplast membrane, either as GlclP (and/)or as Glc6P, which is still a matter of debate 
(Kosegarten and Mengel 1994; Schott et al., 1995; Naeem et al., 1997). The enzyme AGPase 
synthesises the precursor for starch synthesis, i.e. ADPglucose (ADPGlc), by a reversible 
reaction and is driven into the synthetic direction through the hydrolysis of the by-product 
pyrophosphate (PPi) via the activity of a soluble alkaline pyrophosphatase (Gross and ap Rees 
1986; Weineretal., 1987). 
The formation of starch from its precursor ADPGlc represents a complex process. Two 
different polymers are synthesised in the amyloplast. One polymer, amylose, is linear and 
consists of a(-l,4-) coupled D-glucose units, the other one, amylopectin, represents a branched 
D-glucose polymer consisting of <x(-l,6-) bonds on a linear cc(-l,4-)-D-glucan (ap Rees 1991). 
In developing tubers starch comprises 20-25% amylose and 75-80% amylopectin. The a(-l,4-) 
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Fig. 4 Schematic drawing of the various alternative pathways of sucrose unloading, its subsequent mobilisation 
and metabolism of sucrose degradation products in utilisation and/or storage sinks. Sucrose apoplastically 
unloaded, may either be taken up by sink cells directly, via sucrose transporters, or after hydrolysis by cell wall-
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bound invertase (CWI), as hexoses via hexose transporters. Sucrose may also enter the cells symplastically. Once 
inside, sucrose can be translocated across the tonoplast (vacuole), be hydrolyzed by cytosolic invertase to 
corresponding hexoses (glucose and fructose), or be cleaved by sucrose synthase (Susy), forming fructose and 
UDP-glucose (UDPGlc). Sucrose in the vacuole can be hydrolysed by soluble vacuolar invertase. The hexoses in 
the cytosol are phosphorylated and may enter glycolysis, the oxidative pentose phosphate pathway (OPPP), the 
cell wall biosynthesis route, or imported into the amyloplast and converted into starch. The glycolysis produces 
carbon intermediates for e.g. lipid synthesis and amino acid synthesis. The endproduct of the sequence of 
glycolytic enzyme reactions, pyruvate, enters the tricarbolic acid cycle (TCA cycle), in which it is respired, 
yielding ATP. The intermediate products of this TCA cycle can be used for the synthesis of amino acids. The 
OPPP produces reducing equivalents in the form of NADPH, and substrates for the synthesis of amino acids 
(shikimate pathway), nucleotides, and lipids. Starch is synthesised by the consecutive activity of ADPglucose 
pyrophosphorylase (AGPase), starch synthase(s) and branching enzyme(s). The enzyme phosphoglucomutase 
may be involved in this process, which depends on the form in which the phosphorylated glucose is transported 
across the amyloplast membrane, either as GlclP (and/)or as Glc6P. In the cytosol sucrose resynthesis may occur 
by Susy and the consecutive activities of the enzymes sucrose-phosphate synthase (SPS) and sucrose-phosphate 
phosphatase (SPP). Sucrose efflux from the phloem into the apoplast is believed to occur by simple and/or 
facilitated diffusion along a concentration gradient (Herbers and Sonnewald 1998). The white circles represents 
facilitated diffusion of sucrose, the black ones represent actively mediated transport of sucrose or hexose(-
phosphates) across the membranes. 
an 'activated' glucose (i.e. ADPGlc) to the non-reducing end of an existing a(-l,4-) D-glucan. 
The a(-l,6-) bonds are formed by the activity of branching enzyme. This particular enzyme is 
able to break an a(-l,4-) bond and, by synthesising a new a(-l,6-) bond, subsequently 
transferring a part of the respective linear D-glucose polymer to an a(-l,4-) chain. In the 
amyloplast starch synthase is basically present in two different forms, a granule-bound form 
(GBSS) and a soluble form (SSS) (Smith et al., 1997). 
Purpose and outline thesis 
In the past decades much attention has been paid to carbohydrate metabolism in growing 
tubers (e.g. reviews Oparka 1991; ap Rees 1991). Despite this intensive research a considerable 
lack of knowledge concerning the regulation of the flux of carbon towards starch synthesis and 
other carbon-demanding routes still exists. Moreover, if and at what level, this regulation 
interacts, and is coordinated, with the developmental process of tuberisation is largely 
unknown. Research about development-related changes in carbohydrate metabolism during 
very early tuber formation might identify important enzymatic steps in the regulation of carbon 
flux and of carbon allocation within the tuber. Furthermore, insight into this process during the 
transition of a stolon into a tuber may also elucidate whether carbohydrate-metabolism-related 
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processes are involved in the regulation of the organogenesis of either type of sink organ. 
Therefore, to obtain more knowledge of the process of tuberisation and its coordination and 
interaction with carbohydrate metabolism, a joined research project between the laboratories of 
Plant Breeding and Plant Physiology (WU) was initiated. This project includes the biochemical 
and molecular study of carbohydrate metabolism in an in vitro tuberisation system, of which 
the results are described in this thesis. 
Chapter 2 describes and discusses changes in enzyme-activities involved in sucrose 
metabolism. In this chapter it is shown that a sucrolytic switch in the pathway of sucrose 
degradation occurs during stolon-to-tuber transition. 
Chapter 3 provides data about the level of hexose-P's and of the enzymes involved in their 
conversion. The results are discussed in the context of metabolic regulation of the net rate of 
sucrose degradation during tuber growth. 
Chapter 4 describes an in situ analysis of enzymes involved in sucrose-hexose-P conversion at 
transcript and/or activity level. A specific role for cell wall-bound invertase and hexokinase 
(HK) in the process of cell division during stolon growth is discussed. 
Chapter 5 presents an overall discussion of the data, with an emphasis on the sugar-modulated 
regulation of metabolic and morphogenesis-related processes during stolon formation and the 
transition of a stolon into a tuber. Furthermore, a model for carbohydrate metabolism in (a) 
dividing cells, (b) elongating (maturating) cells during stolon growth, and (c) starch-
synthesising cells in the tuber is presented. 
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Chapter 2 
Abstract 
A highly synchronised in vitro tuberisation system, based on single-node cuttings 
containing an axillary bud, is used to describe activity patterns of enzymes involved in the 
conversion of sucrose to hexose-phosphates during stolon to tuber transition of potato 
{Solarium tuberosum L.). Two different non-tuberising systems were included to distinguish 
between changes that are tuber-specific or not. At tuberisation the activity of soluble acid 
invertase decreased (13-fold) and of sucrose synthase increased (12-fold). The activity of both 
enzymes remained unchanged in the non-tuberising treatments. Based on the opposite patterns 
and large difference in activity of these two sucrolytic enzymes, we conclude that sucrose 
synthase constitutes the predominant route of sucrose breakdown after tuber initiation. During 
the period before tuberisation, the activity of cell wall-bound invertase and of hexokinase 
showed a highly positive correlation (r2 = 0.96) in all the three treatments, suggesting 
coordinated coarse control of both enzyme activities. After the onset of tuberisation cell wall-
bound invertase activity decreased to a very low level, a change not observed in the non-
tuberising systems, indicating that cell wall-bound invertase is presumably not involved in the 
unloading mechanism and/or short-distance transport of sucrose within the perimedulla of 
growing tubers. The overall activity of fructokinase and of hexokinase both showed a 4-fold 
increase after tuber initiation, but remained unchanged in the non-tuberising systems. The 
increase of fructokinase suggests that the phosphorylation of fructose by fructokinase down-
regulates the cytosolic fructose content in order to maintain a high sucrose synthase catalysed 
net flux of sucrose to phosphorylated hexoses during rapid tuber-growth. The increase of total 
glucose phosphorylating potential could be a response to the tuberisation related starch 
accumulation process. The activity of UDPGlc pyrophosphorylase showed no developmental 
change. The level of UDPGlc pyrophosphorylase activity is very likely the result of metabolic 
regulation. 
Introduction 
Tuberisation in potato is a complex developmental process resulting in the differentiation of 
an underground stolon into a specialised storage organ. The process of tuberisation comprises 
inhibition of the longitudinal growth of the stolon followed by the initiation and growth of the 
tuber (Cutter 1978). Tuber initiation is characterised by radial growth of the subapical region of 
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the stolontip. During tuberisation two major biochemical changes occur, accumulation of 
starch and the formation of storage proteins (Visser et al., 1994 and references therein). 
As sucrose is the starting point of carbohydrate metabolism in developing tubers, the 
mechanisms responsible for the breakdown of sucrose and its regulation are of particular 
interest. The most important questions are the relative roles of the two different types of 
sucrolytic enzymes (Morrell and ap Rees 1986): sucrose can either be hydrolysed by invertase 
resulting in glucose and fructose, or converted into uridine-5-diphosphoglucose (UDPGlc) and 
fructose by sucrose synthase (Susy). Invertase exists in different forms (Avigad 1982); acid 
invertases, known as a cellwall-bound form and as a soluble vacuolar form and a neutral 
cytosolic invertase. The reaction catalysed by all invertase isozymes is highly exothermic, 
irreversible (Avigad 1982) and not subject to a high degree of fine metabolic regulation. In 
contrast, the reaction catalysed by Susy is readily reversible in vivo in developing potato tubers 
and is under control of fine metabolic regulation (Geigenberger and Stitt 1993). It is well 
established that the activity of Susy is high in developing tubers (Morrell and ap Rees 1986; 
Sung et al., 1989), whereas high acid invertase activity is common in rapidly elongating tissues 
(Ross et al., 1994 and references therein). This implies that significant changes in the pathway 
of sucrose degradation can be associated with the developmental switch. To elucidate the 
relative roles of the two different sucrolytic enzymes in the metabolism of sucrose during tuber 
development, we decided to follow the activity patterns of the acid invertase forms and of Susy 
during stolon to tuber transition. Due to the readily reversible character of Susy in vivo, the 
cytosolic level of the endproducts of the degradation reaction, UDPGlc and fructose, is an 
important factor in the regulation of the rate and direction of the Susy catalysed reaction. 
Therefore, our second objective was to measure the activity of the enzymes involved in the 
conversion of the sucrose degradation products into hexose-phosphates in order to gain more 
insight in the regulation of the process of sucrose degradation during early tuber development. 
Tuberisation is a continuous and asynchronous process. This means that the use of field-
grown potato plants for the study of enzyme patterns in time during the early stages of tuber 
development (Sowokinos 1976; Ross et al., 1994) has several serious disadvantages, (i) As it is 
still not possible to predict when a stolon starts to tuberise, one does not know the 
physiological state of a particular stolon, (ii) During the growth phase, tubers of the same size 
can show considerable variation in their metabolic state, even when they are growing on the 
same stolon, as has been observed for the level of sucrose synthase activity (Sung et al., 1989). 
(iii) The growth rate and the filling with starch of each developing tuber is quite distinct and 
independent of tuber size at a given sampling time (Sung et al., 1989 and references therein), 
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which could have its consequences at the level of enzyme activities. It is clear that a 
synchronous system, providing material in well-defined developmental stages, is a prerequisite 
to study the changes in metabolism during the first stages of tuberisation. Another major 
disadvantage of the use of field-grown potato plants is the lack of good non-tuberising control 
material, which makes it impossible to distinguish between changes that are specific or not 
specific for tuberisation. Although tubers under normal conditions are initiated on stolon ends, 
every potato shoot meristem, apex or axillary bud has the capacity to form a tuber under in 
vitro conditions. These in vitro tubers are similar to field grown tubers in their structure, 
protein- and starch composition (Visser et al., 1994 and references therein). In this article a 
synchronous in vitro tuberisation system, developed for the potato variety Bintje (Hendriks et 
al., 1991; Visser et al., 1994), is used for studying the patterns of activity of enzymes, involved 
in sucrose metabolism and phosphorylation of its products, during the early tuberisation 
process. In order to make a clear distinction between changes related to the transition of a 
stolon into a tuber or changes not related to tuberisation, two different non-tuber inducing 
conditions were included. 
Material and methods 
In-vitro tuber-induction system 
The in vitro tuberisation system has been described in detail (Hendriks et al., 1991; Visser et 
al, 1994). In short; Solarium tuberosum cv 'Bintje' plants (maintained in vitro for several 
years) were in vitro multiplicated and transferred to soil and grown in a phytotron for 3 weeks 
under short-day conditions to obtain tuber induction. Each plant delivered 5-6 single-node 
cuttings from the main stem containing an axillary bud. The explants were put on MS medium 
(Murashige and Skoog 1962), containing 1/10 part of the standard amount of KN03 and 
NH4N03, supplemented with 5 urn benzyl-aminopurine (BAP) and 8% (w/v) sucrose (and 
0.8% (w/v) agar). The pH of the medium was adjusted to 5.8. The explants were incubated in 
the dark for 10 days. The two different shoot-inducing non-tuberising systems only differed in 
the composition of the medium. One shoot-inducing system contained 1% sucrose instead of 
8% sucrose, and the other one contained 8% sucrose plus 1 uM gibberellin A4/7 (GA4/7). During 
the 10 day growth period developing axillary buds were harvested daily (in green light), frozen 
in liquid N2 and stored at -75°C. 
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Extraction and activity determination of enzymes 
Extracts for assays of enzymes were prepared from 7-140 pooled explants by homogenising 
10 mg of powdered freeze-dried tissue in 1.2 ml extraction buffer (50 mM Hepes.KOH (pH 
7.4), 5 mM MgCl2, 1 mM EGTA, 1 mM EDTA, 10% (v/v) glycerol, 0.1% bovine serum 
albumin, 5 mM dithiothreitol (DTT) and 2% (w/v) insoluble polyvinylpyrrolidone (PVP); 
modified after Merlo et al. 1993). After centrifugation (5 min, 15000 . g) and removal of the 
low-molecular compounds on a Biogel P-6 column, the extract was divided into small portions, 
frozen in liquid N2 and stored at -75°C until required. The whole extraction procedure was 
carried out at 4°C. The activities of different enzymes were determined in 1 ml assay medium 
(unless stated otherwise) at 30°C. The reactions were started by adding extract or substrate and 
measured spectrophotometrically. Blanks had the same reaction mixture but without substrate 
(unless stated otherwise). 
Sucrose synthase was assayed as in Dancer et al. (1990), but using 200 mM sucrose and 7.5 
|il of extract (with glycerol). 
UDPGlucose pyrophosphorylase (UGPase) was assayed in medium containing 100 mM 
Hepes.NaOH (pH 7.5), 1 mM EDTA, 2 mM MgAc, 5 mM DTT, 1 mM NAD, 1.34 U 
phosphoglucomutase, 1.34 U glucose-6-phosphate dehydrogenase (Leuconostoc), 20 uM 
glucose-1,6-bisphosphate, 2 mM pyrophosphate (PPi) and 12 ul extract, starting the reaction 
by adding 5 mM UDPGlc. 
Hexokinase and fructokinase were assayed in medium containing 50 mM 2-(bis(2-
hydroxyethyl)amino)-2-(hydroxymethyl)-l,3-propanediol (Bistris)(pH 8.0), 5 mM MgCl2, 2.5 
mM ATP, 1 mM NAD, 1.0 U glucose-6-phosphate dehydrogenase (Leuconostoc), 1.0 U 
phosphoglucose isomerase (only for fructokinase), 125 ul extract (30 ul extract + 95 ul 
extraction buffer without PVP for fructokinase), and adding 0.5 mM glucose (or fructose) to 
start the assay. 
Soluble acid invertase was assayed by incubating 25 \xl extract in a mixture (250 |il) 
containing 25 mM citrate-phosphate buffer (pH 5.2) and 25 mM sucrose. After 45 min the 
reaction was stopped by immersion in a boiling water bath (4 min). The glucose content of 100 
fj.1 of the reaction-mixture was determined enzymatically using a glucose test kit (No. 716251, 
Boehringer Mannheim Gmbh ). Blanks were carried out with heat-denaturated extracts. 
Cell wall-bound acid invertase was assayed after extraction of the pellets obtained after 
centrifugating of the homogenised 10 mg of freeze-dried tissue. The extraction procedure 
comprised washing the pellets 3 times with extraction buffer (DTT and PVP omitted), over-
night incubation of the washed pellets in 1.0 ml of 20 mM 2-(N-morpholino)ethanesulphonic 
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acid (Mes) KOH (pH 6.0) and 1.0 M NaCl, and centrifugation of the pellets (15 min, 15000 . 
g). The extraction procedure was performed at 4°C. A sample of the supernatant (25 ul) was 
assayed for cell wall-bound invertase activity as described for soluble acid invertase. 
Results 
In-vitro tuber development 
In a typical tuber-inducing experiment most axillary buds (90-95%) synchronously (ca. 70% 
at day 5/6) initiated the developmental program leading to tubers (Fig. 1A), as judged from the 
visible apical swelling. Concomitantly, the fresh weight (FW) of the tuberising structures 
increased as well as their dry matter content (Fig. 1C,D). 
When the axillary buds were cultured on non-inducing medium they developed into 
etiolated shoots (Fig. IB). However, these shoots clearly differed in their morphology and dry 
matter percentage. The 8%-sucrose+GA4/7 condition resulted in stolon-like shoots with a dry 
matter content (11-13%, Fig. ID) similar to the developing buds prior to tuber onset (8%, 
without GA4/7). The 1%-sucrose condition resulted in more translucent shoots, with 
approximately twofold lower dry matter content (6-7%, Fig. ID). 
100 100 
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Fig. 1A-D. Growth and development of axillary buds during 10 days incubation on 8%-sucrose (tuber-
inducing, • ) , 1%-sucrose (non-inducing, o) and 8%-sucrose + GA4/7 (non-inducing, +). A Tuber formation 
(visible apical swelling); B Shoot formation (judged as shoots longer than 5 mm); C Change in fresh weight per 
bud; D Change in bud dry weight as a percentage of fresh weight. For measurement of average fresh weight and 
dry weight per bud, 7-140 pooled buds per daily sample were used. 
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Reproducibility of extraction procedure 
To assess the reproducibility of the extraction procedure used, developing buds from 
explants cultured in 8%-sucrose or 1%-sucrose were harvested daily for 10 or 11 days. Each 
daily sample was further subdivided into two series and prepared independently for 
measurement of two enzymes, one present at high activity (UGPase) and one at low activity 
(fructokinase). The measured average daily difference in enzyme activity between the two 
series was 6.8% ± 4.1 (mean ± SD, UGPase) and 4.6% ± 4.3 (fructokinase) (n = 11 days) for 
the 8% harvest and 6.3% ± 3.9 (UGPase) and 7.6% ± 6.4 (fructokinase) (w = 10 days) for the 
1% harvest. It was concluded that the procedure used was highly reproducible, independent of 
the amount of enzyme activity or type of extracted tissue. 
Patterns of enzyme activity during tuber development 
The activity pattern of cell wall-bound invertase (Fig. 2A) showed a similar pattern of a 
rapid decreasing activity during the first 5 days of incubation in all the three treatments. Why 
Fig. 2A-C . Activities of enzymes involved in sucrose 
degradation, measured in extracts prepared from at least 7 pooled 
developing buds from explants, grown on 8%-sucrose (tuber-
inducing, • ) , 1%-sucrose (non-inducing, o) or 8%-sucrose + 
GA4/7 (non-inducing, +) and sampled daily for 10 days. A Cell 
wall-bound invertase; B Soluble acid invertase; C Susy. The data 
points represent single values for representative time courses. 
the axillary buds contained such a high activity 
followed by a rapid decline during the first days of 
culture is unclear, but this decrease is apparently not a 
specific phenomenon preceding tuber initiation. In the 
8%-sucrose treatment a further decrease of apoplastic 
hydrolytic capacity was observed after tuber initiation. 
In contrast, the capacity in the two non-tuberising 
treatments remained fairly constant or even increased 
after day 5, indicating that this further decrease of 
activity in the 8%-sucrose treatment is associated with 
tuberisation. 
1 2 3 4 5 6 7 
days of incubation 
10 
No clear activity changes of the soluble acid invertase were observed during the first five 
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days, but on tuberisation the activity decreased more than 10-fold between day 5-10 and 
activity was reduced to 0.05 nmol mg FW"' min"' at day 10 (Fig. 2B). In contrast, the soluble 
acid invertase activity remained constant in the two non-tuberising structures, suggesting a 
morphogenesis-related response (Fig. 2B). 
Sucrose synthase activity was low during the first five days, but it increased rapidly in the 
tuberising structures, reaching a catalytic activity of more than 6 nmol mg FW"' min"' at day 
10, nearly 12-fold higher than the activity at the onset of tuberisation (day 5, Fig. 2C). In the 
two non-tuberising treatments Susy activity remained low and did not change significantly 
with time (Fig. 2C). 
o.oo, 
Fig. 3A-C. Activities of enzymes involved in the conversion of 
sucrose degradation products into hexose-phosphates, measured 
in extracts prepared from at least 7 pooled developing buds from 
explants, grown on 8%-sucrose (tuber-inducing, • ) , 1 %-sucrose 
(non-inducing, o) or 8%-sucrose + GA„;7 (non-inducing, +) and 
sampled daily for 10 days. A Fructokinase; B UGPase; C 
Hexokinase. 
After tuber initiation a sharp increase of overall 
fructokinase activity could be observed under tuber-
inducing conditions, reaching an activity of about 2 
nmol mg FW"1 min"' at day 10, more than 4-fold 
higher than the activity at the onset of tuberisation 
(day 5, Fig. 3A). In the two non-tuberising structures 
the fructokinase activity remained low and unaltered 
during the whole growth-period (Fig. 3A), indicating 
that the occurrence of the developmental change in 
fructokinase activity is specifically related to tuber 
induction. 
The overall activity of UGPase showed no significant increase after the onset of tuberisation 
(Fig. 3B). The absence of a clear difference in overall UGPase activity between the tuberising 
and non-tuberising 8%-sucrose systems indicates that the slight increase (15 % increase day 5-
10, Fig. 3B) of activity after day 5 is not related to tuberisation. The overall activity of UGPase 
in the 1 %-sucrose treatment remains during the whole course of incubation considerably lower 
(approximately twofold) than in the two 8%-sucrose treatments (Fig. 3B). 
2 3 4 5 6 7 8 9 10 
days of incubation 
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During the first 5 days of growth the overall glucose phosphorylating activity (termed 
hexokinase; Renz et al., 1993; Merlo et al., 1993) showed the same rapid declining pattern 
independent of the kind of morphological development (Fig. 3C). After day 5 hexokinase 
activity increased again under tuber-inducing conditions, reaching a catalytic activity of about 
0.07 nmol mg FW"' min"1 at day 10, nearly 4-fold higher than the activity at the onset of 
tuberisation (day 5, Fig. 3C). In the two non-tuberising systems, a further decrease of 
hexokinase activity was observed, reaching a barely detectable activity at day 10 (Fig. 3C). 
The activity measurements of the 8% sucrose harvest were repeated in an independent 
experiment, which fully confirmed the presented patterns of enzyme activities. 
Discussion 
Cell wall-bound invertase 
It is generally accepted that tubers can unload symplastically and transport the sucrose 
within the perimedulla in a symplastic way (Oparka 1986; Sonnewald et al., 1994). However, 
there are also serious indications of apoplastic unloading and/or apoplastic sucrose movement 
within the perimedulla (Oparka 1986; Oparka and Prior 1987; Frommer and Sonnewald 1995; 
Sonnewald et al., 1994). Apoplastic uptake of sucrose by parenchyma cells may occur via a 
sucrose transporter or, after hydrolysis by an acid cell wall-bound invertase, as hexoses via 
hexose transporters (Frommer and Sonnewald 1995). The development-related decrease and 
the very low level of cell wall-bound invertase activity during early tuber growth (Fig. 2A), 
suggest that sucrose hydrolysis by extracellular acid invertase is not an integral part of the 
unloading mechanism and/or short-distance transport within the perimedulla of growing tubers. 
This is consistent with the observations made by Oparka and Prior (1987). 
Our data indicate that the rapid decline of overall cell wall-bound invertase activity (Fig. 
2 A) during the first 5 days of growth is parallelled by a similar decrease of hexokinase activity 
(Fig. 3C) in this period. Regression analysis showed a highly positive correlation (r2 = 0.928-
0.961, day 1-5) between these two enzyme activities independent of the kind of developing 
structure. This suggests a correlated coarse control of both enzyme activities. Such a kind of 
correlation between hexokinase and invertase activity has also been observed during storage of 
tubers (Renz et al., 1993; Richardson et al., 1990; Ross and Davies 1992). A possible 
mechanism could be the metabolic signalling of glucose influx from the apoplast, due to 
invertase mediated sucrose breakdown, resulting in transcriptional (and/or translational) 
activation of the corresponding hexokinase gene(s) (Roitsch et al. 1995). 
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Sucrolysis during tuber growth 
From the decline in invertase (especially soluble acid invertase, but also the cell wall-bound 
form, Fig. 2A and 2B) and the rapid increase of Susy (Fig. 2C), a change in the pathway of 
sucrose mobilisation after tuber initiation can be deduced. The absence of these activity 
changes during the differentiation and growth of the two non-tuberising buds emphasizes that 
this apparent switch in the pathway of sucrose degradation is associated with the stolon to 
tuber transition. The possibility of the occurrence of such a change in sucrose metabolism 
related to tuber initiation has also been shown in field-grown potato plants by Ross et al. 
(1994). Based on these opposite patterns and the large difference in activity of the different 
sucrolytic enzymes, we conclude that Susy constitutes the predominant route of sucrose 
breakdown after tuber initiation. This conclusion is in agreement with previous work on 
measurements of maximal catalytic activity of invertase and Susy in developing tubers 
(Morrell and ap Rees 1986) and with the reduction in starch accumulation in growing tubers of 
antisense Susy potato plants (Zrenner et al., 1995). 
The reaction catalysed by all invertase isozymes is irreversible (Avigad 1982) and not 
subject to a high degree of fine metabolic regulation (Stitt and Steup 1985; Kruger 1990). In 
contrast, the reaction catalysed by Susy is readily reversible in vivo and the net in-vivo flux 
catalysed by Susy will therefore depend on the concentration of sucrose entering the cell, and 
on the rate at which UDPGlc and fructose are used and UDP is recycled (Geigenberger and 
Stitt 1993). The switch of an hydrolytic sucrose breakdown route into a Susy catalysed one 
offers the cell a mechanism of sucrose cycling (in which sucrose-phosphate synthase is also 
participating) to adjust the net rate of sucrose breakdown during tuber-growth automatically to 
the supply of sucrose and the requirement for carbon in the biosynthetic and respiratory 
pathways in the cell (Dancer et al., 1990; Geigenberger and Stitt 1991 and 1993; Merlo et al., 
1993). 
The sucrose concentration in the phloem has been estimated at 250-500 mM (Geigenberger 
and Stitt 1993 and references therein), which is similar to the affinity of Susy in the presence of 
a small amount of fructose. In contrast, invertase has a high affinity for sucrose (Km = 7-15 
mM; Avigad 1982). This implicates that high cytosolic invertase activity might inhibit sucrose 
movement into a growing tuber, because one molecule of sucrose is replaced by two 
osmotically active products. If these hexoses accumulate in the cytosol, they will disrupt the 
turgor and water movement within the symplast and between the symplast and apoplast 
(Geigenberger and Stitt 1993). The low-affinity reversible reaction catalysed by Susy, which 
will only degrade sucrose if, and as, required, is presumably more suitable for the coordination 
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of the rate of sucrose degradation with respect to the regulation of cell growth and turgor. The 
alteration of a Susy dominated sucrose breakdown pathway into a cytosolic invertase 
dominated one, via the introduction of a yeast invertase in the cytosol of growing tubers of 
potato plants, resulted indeed in disruption of normal tuber growth and in a decline in yield and 
starch content (Sonnewald et al., 1994). 
Phosphorylation of fructose 
Sucrose synthase seems also largely responsible for the considerable amount of sucrose 
synthesis observed in growing tubers (Geigenberger and Stitt 1993). In this cycle of 
simultaneous synthesis and degradation of sucrose, the net flux through the sucrose pool 
responds very sensitively to mechanisms modulating the unidirectional synthetic or 
degradation flux. Two important factors involved in the metabolic control of the net rate of 
degradation of sucrose are the cytosolic content of the two endproducts fructose and UDPglc. 
Fructose is a very effective inhibitor of this reaction (Dancer et al., 1990) and even a low 
cytosolic fructose concentration is already enough to give a large increase of the in vivo Km 
for sucrose (Geigenberger and Stitt 1993). In order to ensure a high net rate of sucrose 
degradation in developing tubers, the cytosolic fructose content should be kept low, either by 
storage of fructose in the vacuole, or by rapid conversion of fructose. The rapid decrease of 
overall fructose content after tuber initiation in vitro (Visser et al., 1994), and in field-grown 
potato plants (Ross et al., 1994) strongly suggests that the fructose produced by the degradation 
reaction of Susy is not compartmentalised. Instead, the specific tuber-induction related increase 
of overall fructokinase activity (Fig. 3 A) strongly suggests that the cytosolic fructose content is 
down-regulated by this enzyme. 
UGPase 
UDPGlucose is the other product of the sucrose breakdown reaction catalysed by Susy and 
also rapid conversion of UDPGlc is necessary in order to maintain a high net flux of sucrose 
degradation in developing tubers (Geigenberger and Stitt 1993). In contrast to the significant 
tuber-related rise of overall fructokinase activity, the overall activity of UGPase (Fig. 3B), 
which catalyses a readily reversible reaction and converts UDPGlc with PPi into Glucose-1-
phosphate and UTP, is not under developmental control during the early events of tuberisation. 
The tuberisation-related increase of net rate sucrose degradation and starch accumulation does 
not require a significant rise of the UDPGlucose converting potential. This is consistent with 
observations on antisense UGPase potato plants, which show a 95% reduction in UGPase 
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activity as compared to untransformed wildtype tubers, but no effect on fresh weight, soluble 
sugar and starch content (Zrenner et al., 1993). 
In the tuberising and non-tuberising 8%-sucrose structures the activity (Fig. 3B) was 
considerably higher than in the 1%-sucrose treatment. This clear difference in activity was 
parallelled by a much higher overall level of sucrose in the two 8%-sucrose treatments during 
the whole course of development (data not shown), suggesting a possible sugar-inducible effect 
on the coarse control of UGPase. This is consistent with the enhancement of UGPase mRNA 
synthesis in potato leaves when incubated in presence of high sucrose levels (Spychalla et al., 
1994). The threefold increase of overall UGPase activity and of steady-state UGPase mRNA 
level observed after onset of tuberisation of field-grown potato plants (Sowokinos 1976; 
Zrenner et al., 1993), could therefore be explained as a result of sugar-induction caused by the 
tuber-induced rise in the overall sucrose content in the swelling tip of the stolon (Ross et al., 
1994), instead of developmental regulation as has been suggested by Zrenner et al. (1993). 
Phosphorylation of glucose 
The large tuber-related increase of hexokinase activity (Fig. 3C) is not due to a change in 
the amount of any of the three fructokinase isoforms present in tubers, because they are highly 
specific and show no glucose phosphorylating capacity when incubated in an assay mixture 
with a glucose concentration up to 50 mM (Renz and Stitt 1993). A slight rise in glucose-
phosphorylating activity has also been observed in young growing tubers (0.6-1 g FW; Renz et 
al., 1993) which are larger than our tubers at day 10 (0.12-0.23 g FW). A possible explanation 
for the requirement of a higher glucose phosphorylating potential in the tuberising structures 
than in the non-tuberising ones, might be the tuber-initiated accumulation of starch in these 
organs. There are clear indications for the existence of a metabolic cycle of simultaneous starch 
synthesis and degradation (Geigenberger et al, 1994; Pozueta-Romero and Akazawa 1993; 
Neuhaus et al., 1995). One of the starch degrading enzymes, amylase, releases free glucose and 
resynthesis of starch from this glucose would require an increased glucose phosphorylating 
capacity in growing tubers. 
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Abstract 
A highly synchronised in-vitro tuberisation system, based on single-node cuttings 
containing an axillary bud, was used to investigate the activity patterns of enzymes involved in 
the conversion of hexose-phosphates and related products during stolon-to-tuber transition of 
potato (Solanum tuberosum L.). At tuberisation the activity of enzymes involved in glycolysis 
and oxidative pentose phosphate pathway (OPPP) showed a small but clear increase. This 
increase reflects a higher capacity of respiratory(-related) metabolism, presumably due to the 
onset of rapid cell-division in the apical part of the tuberising stolon. During the phase of 
successive tuber-growth these enzymes decreased in activity, suggesting that the concomittant 
massive starch accumulation is not accompanied by a large increase in respiration. A high 
degree of positive correlation between the activities of these enzymes could be observed, 
implying that the level of respiratory-metabolism related enzymes is coordinately regulated by 
the same mechanism of coarse control. The activity-pattern of pyrophosphate:fructose-6-
phosphate phosphotransferase (PFP) showed no developmental change and does not resemble 
the activity-pattern of the enzymes participating in respiratory(-related) metabolism. Instead, 
its level of activity is very likely the result of metabolic regulation. The level of the content of 
the metabolites UDP-glucose (UDPGlc) and glucose-6-phosphate (Glc6P) decreased after the 
onset of tuberisation. This decline indicates that tuber-induction is not accompanied by an 
appreciable increase in the level of the cytosolic hexose-phosphate (hexose-P) content but that 
it rather remains on a low level, which might be a prerequisite in order to maintain a high net 
rate of sucrose degradation during tuber development. In contrast to UDPGlc and Glc6P, the 
content of fructose-1,6-bisphosphate (Frul,6bisP) showed after tuber induction an increase. 
The overall activities of ADP-glucose pyrophosphorylase (AGPase) and starch phosphorylase 
(STP) both showed a large increase after tuber initiation, which is consistent with their 
presumed role in the process of starch synthesis and accumulation during rapid tuber growth. 
Introduction 
The potato tuber is a specialized storage organ arising by differentiation of an underground 
diageotropic shoot, called a stolon. This process of tuberisation comprises inhibition of the 
longitudinal growth of the stolon followed by the initiation and growth of the tuber (Cutter 
1978). Tuber initiation is characterized by radial growth of the subapical region of the stolon 
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tip and is accompanied by two major biochemical changes, the accumulation of starch and the 
production of storage proteins (Visser et al., 1994 and references therein). 
Sucrose is the starting point of carbohydrate metabolism in developing tubers. It can either 
be hydrolysed by invertase resulting in glucose and fructose, or converted into UDP-glucose 
(UDPGlc) and fructose by sucrose synthase (Susy). At the onset of tuberisation a sucrolytic 
switch from a hydrolytic sucrose-degradation route to a predominantly Susy-catalysed one 
occurs (Morrell and ap Rees 1986; Ross et al., 1994; Appeldoorn et al., 1997). Sucrose 
synthase catalyses a readily reversible reaction and is subject to fine metabolic regulation 
(Geigenberger and Stitt 1993). The tuberisation-associated switch in the pathway of sucrose 
degradation to a Susy-catalysed one offers the cell a mechanism of sucrose cycling (in which 
sucrose-phosphate synthase (SPS) is also participating) by which the net rate of sucrose 
breakdown during tuber-growth can be adjusted automatically to the supply of sucrose and the 
requirement for carbon in the biosynthetic and respiratory pathways in the cell (Dancer et al., 
1990; Geigenberger and Stitt 1991, 1993; Merlo et al, 1993). In this cycle of simultaneous 
synthesis and degradation of sucrose, the net flux through the sucrose pool responds very 
sensitively to mechanisms modulating the unidirectional synthetic or degradation flux. One 
important factor involved in the metabolic control of the net rate of degradation of sucrose is 
the cytosolic content of the two end products fructose and UDPGlc (Dancer et al., 1990; 
Geigenberger and Stitt 1993). The sharp increase of overall fructokinase activity after the onset 
of tuberisation and the high level of overall UDPGlc pyrophophorylase (UGPase) activity 
present in growing tubers allow rapid conversion of fructose and UDPGlc, necessary to ensure 
a high net rate of sucrose degradation in developing tubers (Zrenner et al., 1993; Appeldoorn et 
al., 1997). As a result, the end products of the sucrose degradation reaction will enter the 
hexose-P pool, which consists of an equilibrium mixture of fructose-6-phosphate (Fru6P), 
glucose-6-phosphate (Glc6P) and glucose-1-phosphate (GlclP), due to the readily reversible 
reactions catalysed by the enzymes phosphoglucomutase (PGM) and phosphogluco-isomerase 
(PGI) (ap Rees 1988; Viola 1996). 
A second factor involved in the metabolic control of the net rate of sucrose-degradation 
might be the cytosolic level of this hexose-P pool, as it may effect the 'fine' metabolic 
regulation of fructokinase activity (Renz and Stitt 1993) and the rate and direction of the flux 
through the UGPase-catalysed reaction (Jelitto et al., 1992; Kleczkowski 1994). This implies 
that significant changes in the overall activity of enzymes involved in hexose-P metabolism 
can be associated with the developmental switch in the pathway of sucrose degradation. 
Therefore, in order to gain more insight in the relative roles of the different enzymes involved 
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in hexose-P metabolism during tuber development, we decided to follow the patterns of overall 
activity of enzymes involved in the direct conversion of hexose-phosphates and enzymes 
participating in the major metabolic routes involved (glycolysis, oxidative pentose phosphate 
pathway (OPPP) and starch-synthesis route) during stolon-to-tuber transition. Secondly, to 
provide a more clear picture of the changes in hexose-P metabolism during the early events of 
tuberisation, we also measured the level of the content of several hexose-phosphates and of 
fructose-1,6-bisphosphate (Frul,6bisP). The activities of the enzymes and the content of the 
hexose-phosphates were measured in an earlier described well-defined, highly synchronous 
tuberisation system (Hendriks et al., 1991; Visser et al., 1994; Appeldoorn et al., 1997), 
resembling field-grown potatoes in their morphology, protein and starch composition (Visser et 
al., 1994 and references therein). Two different non-tuber-inducing conditions were included in 
order to make a clear distinction between changes that are or are not specific for tuberisation. 
Material and methods 
In-vitro tuber-induction system 
Synchronization and growth conditions of the potato {Solarium tuberosum L. cv 'Bintje') 
nodal cuttings, containing an axillary bud, were as described previously (Hendriks et al., 1991; 
Visser et al., 1994; Appeldoorn et al., 1997). The two different shoot-inducing non-tuberising 
systems only differed in the composition of the media. One shoot-inducing system contained 
1% sucrose instead of 8% sucrose, and the other one contained 8% sucrose plus 1 uM 
gibberellin A4/7 (GA4/7). During the 10 day growth period, developing axillary buds were 
harvested daily (in green light), frozen in liquid N2 and stored at -75°C. 
Reproducibility of the enzyme-extraction procedure 
The assessment of the reproducibility of the extraction procedure used, has been described 
in a previous article (Appeldoorn et al., 1997). It was shown that the procedure used was highly 
reproducible, independent of the amount of enzyme activity or type of extracted tissue. 
Extraction and activity determination of enzymes 
Total extracts for assays of enzymes were prepared from 7-140 pooled explants according to 
the method as described in Appeldoorn et al. (1997). The activities of different enzymes were 
determined in 1 ml of assay medium at 30°C (unless stated otherwise). The reactions were 
started by adding extract or substrate and measured spectrophotometrically. Blanks had the 
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same reaction mixture but without substrate (unless stated otherwise). 
Adenosine-5-diphosphoglucose pyrophosphorylase (AGPase) was assayed in a reaction 
mixture containing 75 mM Hepes-NaOH (pH 8.0), 0.44 mM EDTA, 5 mM MgCl2, 3 mM 
dithiothreitol (DTT), 2 mM ADP-glucose (ADPGlc), 2.7 U PGM (Boehringer, Mannheim, 
FRG), 8.0 U glucose-6-phosphate dehydrogenase (G6PDH; Leuconostoc, Boehringer, 
Mannheim), 1 mMNAD, 20 uM glucose-1,6-bisphosphate, 0.1% bovine serum albumin 
(BSA), 2 mM 3-phosphoglycerate (3PGA), 10 mM NaF, and adding 50 ul extract and 1.5 mM 
pyrophosphate (PPi) to start the reaction (modification method Plaxton and Preiss 1987). 
Blanks were carried out in the same reaction mixture but without PPi. 
Starch Phosphorylase (STP) was assayed in medium containing 50 mM Hepes-NaOH (pH 
7.0), 0.4% soluble starch, 0.4 mM NAD, 1.0 U PGM, 1.0 U G6PDH (Leuconostoc), 15 uM 
glucose-1,6-bisphosphate and 10 mM Na3P04, starting the reaction by adding 50 ul extract 
(modification method Hubbard et al., 1990). 
Alkaline pyrophosphatase (APPase) was assayed by incubating 10 ul extract in a mixture 
(250 ul) containing 48 mM 2-(bis(2-hydroxyethyl)amino)-2-(hydroxymethyl)-l,3-propanediol 
(Bistris; pH 8.2), 4.8 mM MgCl2 and 0.8 mM PPi at 25 °C. After 20 min the reaction was 
stopped by adding cold 12% trichloroacetic acid (TCA, 500 ul) and incubation for 15 min at 4 
°C. The phosphate content of 300 ul of the centrifuged reaction mixture (5 min, 15000 . g) was 
determined spectrophotometrically (820 nm) after addition of "Ames" colour-reagens (900 ul, 
1 vol. 10% ascorbic acid : 5 vol. 0.42% ammoniummolybdate/0.5 M H2S04) and incubation for 
exactly 20 min at 20 °C. A standard phosphate curve was made of assay media (250 ul) 
containing phosphate (range 0-0.4 mM) and a double amount of extraction buffer (insoluble 
polyvinylpyrrolidone, DTT and glycerol omitted), which were treated in the same way as the 
activity-samples. 
Glucose-6-phosphate Dehydrogenase (G6PDH) and 6-Phosphogluconate Dehydrogenase 
(6PGDH) were both simultaneously assayed in one reaction mixture containing 75 mM Hepes-
NaOH (pH 8.2), 5 mM MgCl2, 1 mM NADP, 1 mM 6-phosphogluconate and adding 10 ul 
extract to start the assay. After 15 min of incubation and measuring the activity of 6PGDH, the 
reaction of G6PDH was also activated by adding 8 mM Glc6P to this same mixture. The 
activity of G6PDH was calculated by subtracting the 6PGDH activity from the activity 
measured in the second period of incubation. 
Phosphogluco-isomerase (PGI) and phosphoglucomutase (PGM) were assayed in a reaction 
medium containing 50 mM Hepes-NaOH (pH 7.4), 5 mM MgCl2, 1 mM EGTA, 1 mM EDTA, 
0.1% BSA, 5 mM DTT, 1 mM NAD, 20 uM glucose-1,6-bisphosphate (only for PGM), 1.0 U 
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G6PDH (Leuconostoc), 10 nl extract and adding 10 mM Fru6P (or 2 mM GlclP for PGM) to 
start the reaction. 
Phosphofructokinase (PFK) was assayed in medium containing 75 mM Hepes-NaOH (pH 
7.9), 15 mM MgCl2, 1 mM ATP, 0.15 mM NADH, 5 mM Fru6P, 0.1% BSA, 2.0 U aldolase 
(Aid; Sigma, Zwijndrecht, NL), 2.0 U a-glycerophosphate dehydrogenase/20.0 U 
triosephosphate isomerase (Sigma, Zwijndrecht) and adding 10 ul extract to start the reaction 
(modification method Hatzfeld et al., 1990). As a blank the same medium without ATP was 
used. 
Pyrophosphate :fructose-6-phosphate phosphotransferase (PFP) was assayed in medium 
containing 75 mM Hepes-KOH (pH 8.0), 2 mM Mg-acetate, 0.15 mM NADH, 10 uM 
fructose-2,6-bisphosphate, 10 mM Fru6P, 1.5 U Aid, 1.0 U a-glycerophosphate 
dehydrogenase/10.0 U triosephosphate isomerase, 10 mM NaF, 1 mM PPi and adding 10 u.1 
extract to start the reaction (modification method Hatzfeld et al, 1990). Blank was the same 
incubation mixture without PPi. 
Aldolase (Aid) was assayed in a medium containing 50 mM Hepes-NaOH (pH 7.8), 5 mM 
MgCl2, 5 mM fructose-1,6-bisphosphate (Frul,6bisP), 0.15 mM NADH, 2.0 U a-
glycerophosphate dehydrogenase/20.0 U triosephosphate isomerase and adding 10 ul extract to 
start the reaction (modification method Burrell et al., 1994). 
Pyruvate Kinase (PK) was assayed as in Hatzfeld et al. (1990), but using a pH-value of 7.9, 
which was set with KOH. The medium contained 25 u.1 extract and as a blank the same 
medium without ADP was used. 
Extraction and content determination of phosphorylated hexoses 
The method developed to analyze phosphorylated sugars in small stolon and tuber samples 
has previously been described in de Bruijn et al. (1998). In short, total extracts were made from 
4-105 explants by pooling the developing buds and boiling 10 mg of powdered freeze-dried 
tissue in 1 ml 80% methanol for 15 min at 75 °C. As an internal standard for phosphorylated 
compounds galactose-1-phosphate was included in the methanol mixture before adding to the 
dry material. After boiling and removal of most of the solvent by vacuum centrifugation 
(Speedvac, 2 hrs.), the samples were resuspended in water (0.5-1 ml) and vigorously shaken 
during 1 hr on ice. Undissolved residue was removed by centrifugation (5 min, 15000 . g) and 
the supernatant injected into a Dionex HPLC system (DX500 Chromatography System, 
Dionex Corp., Sunnyvale, USA), equipped with a CarboPac PA1 column (4 x 250 mm) and a 
similar guard column (4 x 50 mm) preceeding the previous one. The sugar phosphates were 
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eluted as described in de Bruijn et al. (1998). Eluted compounds were monitored by pulsed 
amperometry and identified and quantified by comparison with elution profiles of metabolite 
standards. 
Reproducibility and recovery of the phosphorylated-sugar extraction procedure 
The assessment of the reliability of the extraction and analysis procedure used, has been 
documented in de Bruijn et al. (1998). It was shown that the procedure used was highly 
reproducible (SD less than 2.5% for each measured metabolite, n = 3) and showed a good 
recovery (e.g. young tuber tissue, galactose-1-phosphate; 76.2%, GlulP; 78.9%, Glu6P; 
99.8%, Fru6P; 85.6%, Frul,6bisP; 77.8%, ADPGlc; 79.8%, UDPGlc; 83.3%) similar to the 
more common extraction with perchloric acid (Viola et al., 1994; de Bruijn et al., 1998). The 
recovery of metabolites from stolon tissue was slightly higher than from young tuber tissue 
(data not shown). All metabolite data were corrected based on the tissue-dependent percentage 
recovery of the individual metabolite. 
Results 
In-vitro tuber development 
In a typical tuber-inducing experiment, most axillary buds (90-95%) synchronously (ca. 
70% at day 5/6) initiated the developmental program leading to tubers (Fig. 1A [p. 32]), as 
judged from the visible apical swelling. Concomittantly, the fresh weight (FW) of the 
tuberising structures increased as well as their dry matter content (Fig. 1C, D). The axillary 
buds cultured on non-inducing medium developed into etiolated shoots (Fig. IB). However, 
although both non-inducing conditions resulted in the formation of shoots, they were clearly 
different in their morphology and dry matter percentage. The 8%-sucrose+GA4/7 medium 
provided stolon-like shoots with a high dry matter content (11-13%, Fig. ID). The 1%-sucrose 
condition resulted in more translucent shoots, with approximately twofold lower dry matter 
content (6-7%, Fig. ID). 
Patterns of enzyme activity during tuber development 
The presented data on enzyme activity of the 8%-sucrose tuber-inducing treatment are the 
average values of single measurements of two independent harvests (except for AGPase and 
STP, which represent single values of one harvest). 
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days of incubation 
Fig. 2A-B. Activities of enzymes involved in the 
conversion of hexose-phosphates and related products, 
measured in total extracts prepared from at least seven 
pooled developing buds from explants, grown on 8% sucrose 
(tuber-inducing, • ) , 1% sucrose (non-inducing, o) or 8% 
sucrose + GA4/7 (non-inducing, +) and sampled daily for 10 
d. A AGPase; B starch phosphorylase (STP). The data points 
represent single values for representative time courses. 
2 3 4 5 6 7 
days of incubation 
9 10 
Fig. 1A-D. Growth and development of axillary buds during 10 d incubation on 8% sucrose (tuber-inducing, 
• ) , 1% sucrose (non-inducing, o) and 8% sucrose + GA4/7 (non-inducing, +). A Tuber formation (visible apical 
swelling); B shoot formation (judged as shoots longer than 5 mm); C change in fresh weight per bud; D change in 
bud dry weight as a percentage of fresh weight. For measurement of average fresh weight and dry weight per bud, 
7-140 pooled buds per daily sample were used. 
four different groups of enzymes can be distinguished. The first group includes the enzymes 
AGPase and STP. Both enzymes are characterized by a rapid and sharp increase of overall 
activity at the onset of tuberisation (day 5), reaching a catalytic activity of more than 2 nmol 
mg F W min"1 (AGPase, Fig. 2A) and 0.13 nmol mg FW"' min"1 (STP, Fig. 2B) at day 10. 
In the first days of culture, the activity of these enzymes in the structures grown under non-
tuberising conditions showed no difference to that of the tuberising treatment (Fig. 2A, B). 
During the rest of the growth period they remained low and unaltered, suggesting that the 
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Fig. 3A-E. Activities of enzymes involved in the conversion of 
hexose-phosphates and related products, measured in total 
extracts prepared from at least seven pooled developing buds 
from explants, grown on 8% sucrose (tuber-inducing, • ) , 1% 
sucrose (non-inducing, o) or 8% sucrose + GA4/7 (non-inducing, 
+) and sampled daily for 10 d. A PFK; B PK; C 6PGDH; D PGI; 
E APPase. The data points of 8% sucrose (•) represent average 
values of measurements of two independently prepared harvests. 
The average SD (mean ± standard error (SE), n- 11) of the 
presented data points is: 7.1% ± 1.1 (PFK), 8.9% ± 1.6 (PGI), 
7.7% ± 1.3 (6PGDH), 11.5% ± 2.9 (PK), 7.4% ± 1.4 (APPase). 
The data points of the two non-inducing conditions (o, +) 
represent single values. 
The second group of enzymes consists of PFK, 
PGI, PK, 6PGDH and alkaline pyro-phosphatase 
(APPase). In each of the three treatments, the general 
pattern of these enzymes showed an increase of overall 
activity during the first days of incubation (except for 
PGI in 1% sucrose), followed by a decline (Fig. 3A-
E). After the onset of tuberisation at day 5 a temporary 
increase of activity is observed (Fig 3A-E; except for 
PK), which is in general 3-4 fold higher than the 
average SD, interrupting the decreasing pattern, but 
not exceeding the activity prior to tuber-induction. 
Although PK activity hardly showed any increase, its 
maintenance on a constant level during the stage of 
tuber induction corresponds to the temporary 
interruption of a downward trend. The fact that this 
specific pattern was revealed by all the members of 
this particular group of enzymes (but not by the other investigated enzymes, Figs 2, 4 and 5), 
emphasizes that the observed changes were probably not due to procedure faults. The absence 
of this small, but distinct, temporary increase in the two controls, indicates that it is associated 
2 3 4 5 6 7 
days of incubation 
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with tuber-induction. In the period of successive tuber-growth (days 7-10) the extent of the 
decline in the activity of these enzymes was almost similar to that in the two non-tuberising 
systems (Fig. 3A-E). Regression analysis showed a high degree of positive correlation (r -
0.71-0.99, days 1-10) between the overall activities of these five enzymes, independent of the 
kind of morphological development, strongly supporting the classification as one group of 
enzymes. 
Fig. 4A-D. Activities of enzymes involved in the conversion of 
hexose-phosphates and related products, measured in total 
extracts prepared from at least seven pooled developing buds 
from explants, grown on 8% sucrose (tuber-inducing, • ) , 1% 
sucrose (non-inducing, o) or 8% sucrose + GA4/7 (non-inducing, 
+) and sampled daily for 10 d. A Aid; B G6PDH; C PGM. The 
data points of 8% sucrose ( • ) represent average values of 
measurements of two independently prepared harvests. The 
average SD (mean ± SE, n = 11) of the presented data points is: 
6.6% ± 1.9 (Aid), 8.9% ± 1.6 (G6PDH), 6.5% ± 1.4 (PGM). The 
data points of the two non-inducing conditions (o, +) represent 
single values. 
D. Ratio of activity of the enzymes G6PDH and 6PGDH, which 
were measured in the total extracts prepared from the pooled 
developing buds from explants, grown on the three different 
media and sampled daily during the whole 10-days period of 
culture. The values of enzyme-activities used for the calculation 
are presented in Fig. 3C (6PGDH) and Fig. 4B (G6PDH). 
2 3 4 5 6 7 8 9 10 
days of incubation 
In all the three different inducing conditions the overall activity of Aid, G6PDH and PGM 
showed an increase during the first days of incubation (except for PGM in 1 % sucrose), 
followed by a gradual decrease in the elongation phase (days 2/3 to 10) of the two non-
tuberising controls and till the onset of tuberisation at day 5 in the tuberising treatment (Fig. 
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4A-C). This is highly similar to the second group of enzymes described above (Fig. 3A-E). 
Regression analysis between the activities of the main enzymes supposed to be involved in the 
regulation of glycolysis and OPPP (PK, PFK and 6PGDH) and this third group of enzymes, 
also involved in glycolysis and OPPP, supports this observation (tuberising condition, r = 0.77-
0.98, days 0-5; non-tuberising conditions, r = 0.87-0.99, days 1-10). Initiation of tuber-
development at day 5 is followed by an increase of overall activity of Aid, G6PDH and PGM, 
which is absent in the structures grown under the two non-tuberising conditions (Fig 4A-C), 
suggesting that it is specifically related to tuberisation. The occurrence of this developmental 
change, interrupting the decreasing pattern, was also observed in the other group of enzymes. 
However, a clear distinction between these two groups can be observed in the period of 
successive tuber-growth (days 7-10). The activity of PGM, Aid and G6PDH remained after day 
7 rather constant (Aid decreased only 15%) or even showed an increase (Fig. 4A-C), while the 
activity of the enzymes of the previous group clearly decreased (Fig. 3A-E). The maintenance 
of a higher level of enzyme-activity during the period of successive tuber-growth resulted in a 
constitutive clear increasing difference in activity with the two non-tuberising controls (2-2.7 
fold, day 9/10, in comparison with 8%-sucrose + GA4/7 treatment), suggesting that it is related 
to tuberisation. This discrepancy between these two groups, which occurs after tuber initiation, 
is nicely reflected in the tuber-specific steady increase in the ratio of enzyme-activity between 
two physiologically-linked enzymes, representing the first two steps of the OPPP, i.e. G6PDH 
and 6PGDH (Fig. 4D). 
o 1 2 3 4 5 6 7 8 9 10 
days of incubation 
Fig. 5 Activity of the enzyme PFP, measured in total 
extracts prepared from at least seven pooled developing 
buds from explants, grown on 8% sucrose (tuber-inducing, 
• ) , 1% sucrose (non-inducing, o) or 8% sucrose + GA4/7 
(non-inducing, +) and sampled daily for 10 d. The data 
points of 8% sucrose (•) represent average values of 
measurements of two independently prepared harvests. The 
average SD (mean ± SE, n= 11) of the presented data points 
is: 9.0% ± 1.7. The data points of the two non-inducing 
conditions (o, +) represent single values. 
The activity-pattern of PFP does not resemble the patterns of the other investigated 
enzymes. After an increase in the first days of culture on both 8%-sucrose media the activity of 
PFP remained rather constant during the rest of the growth-period and it showed from day 3/4 
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onwards no appreciable difference in activity between these two different 8%-sucrose 
conditions (Fig. 5). The activity of PFP in the 1%-sucrose treatment remained considerably 
lower (more than twofold) than in the two 8%-sucrose treatments during the whole course of 
incubation (Fig. 5). 
Patterns of phosphorylated hexoses 
Uridine-5-diphosphoglucose, one of the two products of the degradation-reaction of Susy, 
showed in both 8%-sucrose treatments an increase during the first days of culture, followed by 
a small decrease from day 3 till day 6 in the tuberising condition, while a large decrease could 
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0 1 2 3 4 5 6 7 8 9 10° 
days of incubation 
Fig. 6 A - F . Contents of metabolites involved in hexose-phosphate metabolism, measured in methanol extracts 
(total) prepared from at least four pooled developing buds from explants, grown on 8% sucrose (tuber-inducing, 
• ) , 1% sucrose (non-inducing, o) or 8% sucrose + GA4/7 (non-inducing, +) and sampled daily for 10 d. A 
UDPGlc; B Glc6P; C Fru6P; D Frul,6bisP; E GlclP; F ADPGlc. The data points represent the measurement of a 
single harvest. 
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content in the 8%-sucrose treatment declined more rapidly, reaching a level almost similar to 
that observed in the 8%-sucrose non-tuberising control at day 9 and 10. In the 1%-sucrose 
treatment the level of UDPGlc did not show an increase in the first days of growth and 
remained rather constant at a low level during the whole period of incubation. 
The pattern of the level of Glc6P shows similarity to the patterns of UDPGlc in all three 
treatments (Fig. 6B). In the period day 1-5/6 a higher level of Glc6P can be observed in the 
8%-sucrose system. After the stage of initiation of tuberisation (day 5/6) the Glc6P content 
dropped to a clear lower value in the 8%-sucrose treatment, which is during the stage of 
successive tubergrowth (day 7-10) comparable to the value observed in the 8%-sucrose non-
tuberising control. 
The level of Fru6P shows some similarity to the patterns of UDPGlc and Glc6P in each of 
the three different treatments (Fig. 6A-C). Like UDPGlc and Glc6P in the 8%-sucrose non-
tuberising control an increase can be observed during the first days of culture, followed by a 
rather large decline till day 5 (Fig. 6C). After day 5 the content of Fru6P remained at a rather 
constant level till day 10, while UDPGlc and Glc6P revealed only a small decrease. Like 
Glc6P the content of Fru6P in the 8%-sucrose system during the period before tuber-induction 
remained unaltered. The onset of tuberisation at day 5/6 is accompanied with a sharp increase 
of its level, which is absent in the two controls. However, like UDPGlc and Glc6P, after this 
stage of initiation the level of Fru6P dropped to a low value during the period of successive 
tuber-growth (day 7-10) and reached a level at day 9/10 not much higher than the level 
measured in the two controls at day 9 and 10. Fructose-6-P in the 1%-sucrose control remained 
during the whole period of culture on a lower level and did not show considerable differences 
in its level, a pattern quite similar to that of UDPGlc and Fru6P. 
In both 8%-sucrose treatments the content of Frul,6bisP was quite similar during the first 
four days of culture, but from day 5 onwards the tuberising condition showed a clear higher 
level which continued to increase in the period of successive tuber-growth (Fig. 6D). The 
absence of this increase in the non-tuberising 8%-sucrose treatment, which showed like Fru6P 
(Glc6P and UDPGlc) a rather constant level in the second half of incubation (except day 10), 
indicates that this increase is specifically related to tuberisation. The level of Frul,6bisP in the 
1%-sucrose condition remained during the whole course of incubation at an undetectable level. 
The level of GlclP in the 8%-sucrose treatment showed from day 4 till day 6 an increase 
and remained during the period of successive tuber-growth (day 7-10) at a high level (Fig. 6E). 
In contrast, the two non-tuberising controls did not exhibit an increase after day 4, but 
remained at a comparable, rather constant low level during the period day 3/4 till day 10, 
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suggesting that the increase and maintainance of the level of GlclP in the tuberising condition 
is specifically related to tuberisation. The level of GlclP content in the 8%-sucrose treatment 
during days 1-3 could not be quantified due to a distortion of the corresponding peak of GlclP. 
In all three treatments the level of ADPGlc was low during the first four days of culture and 
was even hardly detectable in the 8%-sucrose tuberising condition (Fig. 6F). During the stage 
of tuber initiation (day 5-6) an increase could be observed in both 8%-sucrose treatments, 
which continued in the non-tuberising 8%-sucrose control till day 7 where it remained further 
at a high level. In contrast, the level of ADPGlc in the tuberising treatment declined again 
during the period of successive tuber-growth (day 7-10) to an undetectable level at day 10. The 
ADPGlc content in the 1 %-sucrose treatment remained low and fairly unaltered during the 
whole course of incubation. 
Discussion 
Respiration-metabolism during tuber development 
The oxidative pentose phosphate pathway is one of the two major metabolic routes in plants 
by which carbohydrate can be degraded ultimately to C02 (Brownleader et al., 1997). The 
other route involves the glycolytic and tricarboxylic acid (TCA) cycle pathways. Glycolysis is 
a key metabolic feature of the respiratory process in plants because it is the predominant 
pathway that 'fuels' plant respiration (Plaxton 1996). Because of their involvement in the 
respiratory process of the cell we shall further refer to glycolysis and OPPP as respiratory (-
related) pathways (Norman et al., 1994; Brownleader et al., 1997). According to literature the 
enzymes PK and PFK are respectively involved in the primary and secondary control of the 
flux through glycolysis (Brownleader et al., 1997; Plaxton 1996). In the OPPP, the first two 
committed enzymes 6PGDH and G6PDH, are regarded as the enzymes which contribute to a 
major extent to total control (Wurtele and Nikolau 1986). In our in-vitro system 6PGDH seems 
to limit the potential of the flux through these two enzymes as its activity remained in the three 
different treatments on a lower level than the activity of G6PDH for the whole period of 
incubation (Figs 3D, 4C and D). Although this does not mean that 6PGDH catalyses the 
primary step in total flux control, because like 6PGDH also G6PDH is a highly regulated 
enzyme and usually subject to considerable feedback control in vivo (Hong and Copeland 
1992; Graeve et al., 1994; Brownleader et al., 1997), it is clear that the flux through these two 
steps can not be higher than the activity of 6PGDH. The overall activity-patterns of the two 
presumed glycolytic key-enzymes (PK, PFK) and 6PGDH are very similar to each other 
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independent of the condition used (Fig. 3A, B and C), which is supported by the data on 
regression analysis, suggesting coordinated coarse control of the level of activity of the main 
enzymes participating in the regulation of respiratory(-related) metabolism. The fact that the 
patterns of the other respiratory-metabolism related enzymes (G6PDH, PGI, PGM and Aid) 
also showed a high degree of similarity and correlation to PFK, PK, 6PGDH in both controls 
and in the tuberising treatment in the period day 0-5 (Fig. 3A-D, 4A-C and see Results), 
strongly supports our view that both pathways are under the same coarse control, probably 
regulating their potential in response to the need of energy and carbon skeletons of the cell. 
If we assume that dividing cells require more energy and carbon skeletons than enlarging or 
fully differentiated cells, then the small tuberisation-specific increase of the activity of 
respiratory-metabolism related enzymes (Fig. 3A-D, days 5-6/7) in the 8%-sucrose tuberising 
system may be a response to the rapid cell-division in the swelling (sub)apical part of the 
stolon (Duncan and Ewing 1984), which started at the onset of tuberisation at day 5 and 
reached a peak at day 6 concomitantly with the highest increase in the percentage of cells in 
division during the whole period of tuber development (Xu, Vreugdenhil and Lammeren 
1998). Whether this explanation is true or not remains to be investigated, but the decline during 
the phase of successive tuber-growth (Fig. 3A-D, days 7-10) does indicate that no considerable 
increase in the potential of respiratory(related)-metabolism is necessary to sustain the massive 
accumulation of starch during tuber development. As it is known that glycolysis and OPPP are 
subject to metabolic regulation (Brownleader et al., 1997; Plaxton 1996), the measured 
changes on the level of overall enzyme-activities after tuber initiation do not necessarily reflect 
an appreciable change in the flux through respiratory(-related) metabolism. However, it is 
highly unlikely that the observed decline in the potential of respiratory(-related) metabolism 
(day 7-10) is simultaneously accompanied with an increased flux, which is in agreement with 
the suggestion that large changes in carbohydrate metabolism in non-photosynthetic tissues can 
occur without a large increase of respiration (Geigenberger and Stitt 1991). Furthermore, it 
seems also consistent with the data indicating that hexose-P does not enter the OPPP to any 
great extent in developing tubers, which have been provided by Viola et al. (1991). 
Cytosolic hexose-P pool during tuber development 
Increase of sucrose import and the net rate of sucrose degradation after the onset of 
tuberisation may easily lead to a rise of the cytosolic hexose-P content (ap Rees 1988; Tobias 
et al., 1992). However, in the in-vitro tuberisation system the overall content of Glc6P, which 
is indicative for the overall level of the hexose-P pool as the equilibrium of hexose-phosphates 
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lies on the side of Glc6P (Neuhaus et al., 1993; Renz and Stitt 1993; Coates and ap Rees 1994; 
Tetlow et al., 1994), shows after the onset of tuberisation an appreciable decrease to a level 
similar to that observed in the non-tuberising 8%-sucrose + GA4/7-control (Fig. 6B). More-
over, also the overall level of UDPGlc, which is thought to be mainly present in the cytosol 
and not in vacuole or amyloplast (Gerhardt and Heldt 1984; Geigenberger and Stitt 1993 and 
references therein), exhibits after the onset of tuberisation a declining pattern to a value close 
to the content observed in the 8%-sucrose non-tuberising control (Fig. 6A). Such a similarity in 
the patterns between these two metabolites can be expected, since the UDPGlc and hexose-P 
pool are connected via a series of highly active enzymes catalysing reversible reactions in vivo 
(ap Rees 1988; Tobias et al., 1992; Viola 1996) and is in agreement with the suggested 
occurrence of a near equilibrium between these two pools in potatoes (and developing wheat 
grain)(Morrell and ap Rees 1986; Keeling et al. 1988). One of the other measured hexose-
phosphates, Fru6P, showed a sharp increase in its content during the period of tuber initiation 
(Fig. 6C, day 5/6). Why it reveals such a large rise and why this is not reflected in the level of 
UDPGlc and Glc6P at day 5/6 is unclear, but its decline after day 6 towards a level close to that 
observed in the two controls (day 9/10) is consistent with the pattern of the level of the 
metabolites UDPGlc and Glc6P (Fig. 6A-C). Therefore, the decline of UDPGlc, Glc6P and 
Fru6P (day 6-10) contents after the onset of tuberisation and the lack of a clear and appreciable 
difference with the two non-tuberising controls at day 9 and 10, implies that the tuberisation-
related increase of sucrose import and net-rate sucrose degradation is not accompanied with a 
tuber-specific rise of the cytosolic hexose-P pool during the phase of successive tuber-growth. 
There are indications that an increase of the cytosolic hexose-P pool (and of UDPGlc) will lead 
to a decrease of the net rate of sucrose degradation (Geigenberger et al., 1994; Hajirezaei et al., 
1994) and as a consequence to a decrease of starch accumulation in growing tubers (Jelitto et 
al., 1992; Hajirezaei et al., 1994; Zrenner et al., 1995). This decrease of the net rate of sucrose 
degradation can be explained as a result of a stimulation of sucrose resynthesis by SPS, caused 
by the increased levels of the strong allosteric activator Glc6P (Reimholz et al., 1994) and of 
its substrates (Dancer et al., 1990; Hajirezaei et al., 1994). However, under some conditions a 
rising hexose-P pool might also lead to a decreased rate of fructose conversion and a 
subsequent substrate inhibition (Renz and Stitt 1993), resulting in an increase of fructose 
content and a shift of the equilibrium of the Susy catalysed reaction towards the direction of 
sucrose synthesis (Dancer et al. 1990; Geigenberger and Stitt 1993; Geigenberger et al., 1994; 
Viola 1996). In this perspective the apparent lack of a clear increase in the level of the 
cytosolic hexose-P pool (and of UDPGlc) after the onset of tuberisation and the absence of an 
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appreciable difference in content in comparison with its controls during the phase of tuber 
growth is not surprising and provides more ground for the idea that a low cytosolic hexose-P 
pool is a prerequisite in order to maintain a high net rate of sucrose degradation during tuber 
development, which would be interesting to investigate further. 
PFP and hexose-P/triose-P cycling 
The enzyme PFP, which catalyzes the readily reversible conversion of Fru6P into 
Frul,6bisP (Plaxton 1996), shows in all three treatments a distinct pattern of activity in 
comparison with the general pattern observed for the other glycolytic enzymes (Figs 3 A, B and 
D, Fig. 5). This lack of similarity suggests that the level of PFP protein is not regulated in the 
same way like the other glycolytic enzymes. Instead, the activity of PFP shows in the two 8%-
sucrose conditions a level of activity considerable higher (twofold) than the measured level in 
the 1%-sucrose treatment (Fig. 5), suggesting a possible sugar-inducible effect on the coarse 
control of PFP, which has also been described for UGPase (Appeldoorn et al, 1997). 
It has been reported that PFP catalyses a rapid metabolic cycle between hexose-phosphates 
and triose-phosphates in developing tubers, in which the net flux is in the direction of 
glycolysis (Hatzfeld and Stitt 1990; Viola et al., 1991; Hajirezaei et al., 1994). This process of 
hexose-P/triose-P cycling, which allows the cell to respond sensitively to changes in the supply 
of carbon and to the demand for carbon for growth and respiration, is able to generate high 
concentrations of triose-phosphates independent of the regulation of the net glycolytic flux to 
pyruvate (Hatzfeld et al., 1990; Burrell et al., 1994; Plaxton 1996). Although the observed 
tuber-specific increase in Frul,6bisP (Fig. 6D) does not directly provide information about the 
fate of carbon entering glycolysis and of changes in the content of triose-phosphates, it may 
suggest that during the early events of tuberisation more carbon is directed into glycolysis than 
demanded for respiration, anabolic biosynthesis-routes or recycled back into the hexose-P pool, 
which might be important with respect to the stimulation of starch synthesis through allosteric-
regulated modulation of AGPase by an increase of the 3PGA/Pi ratio (Sowokinos and Preiss 
1982; Hajirezaei et al., 1994). 
AGPase, STP and starch formation 
Apart from respiratory(-related) metabolism and its linked anabolic routes, starch 
biosynthesis represents the major drain of carbon from the cytosolic hexose-P pool and can 
comprise up to 50% of the imported sucrose during early tuber-development (Merlo et al. 1993 
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and references therein; Geigenberger et al., 1994). The substrate for the synthesis of starch, 
ADPGlc, is delivered by the enzyme AGPase catalyzing the ATP-dependent reversible 
conversion of GlclP into ADPGlc and PPi. In developing potato tubers this enzyme appears to 
be localized exclusively in the amyloplasts (Villand and Kleczkowski 1994 and references 
therein). It is generally accepted that the reaction catalysed by AGPase contributes to a major 
extent to total flux control in the process of starch synthesis (Muller-R6ber et al., 1992), which 
is in agreement with the tuber-specific rapid rise of its overall activity in the 8%-sucrose 
treatment (Fig. 2A) and its correlation with the accumulation of starch during the whole 
process of tuber development (Visser et al., 1994). Our observations are consistent with the 
increase of AGPase activity and of starch content, found in early developing field-tubers 
(Sowokinos 1976; Ross et al., 1994). The large tuberisation-specific increase of GlclP in the 
8%-sucrose treatment (Fig. 6E) and the resulting difference in content in comparison with the 
two controls is not reflected in the level of UDPGlc and Glc6P content after the onset of 
tuberisation (Fig. 6A-B), implying that the observed increase of GlclP has an amyloplastidic 
cause and not a cytosolic one. If this is true, than it would also imply that the equilibrium of the 
reaction catalysed by plastidial PGM is appreciably displaced in the direction of Glc 1P, which 
has also been suggested for the PGM of soybean amyloplasts (Coates and ap Rees 1994). 
Whether the increase of GlclP represents indeed a rise of its content in the amyloplast stroma 
(or a relative increase in the number of amyloplasts or both) is unknown and should be further 
investigated, but together with the observed tuberisation-specific decline of ADPGlc from day 
6 onward (Fig. 6F), these data suggest that the conditions in the amyloplast of at least two of 
the four reactionproducts of the reversible reaction catalysed by AGPase are in favour of 
ADPGlc synthesis by this enzyme. 
In our in vitro system the overall activity of starch phosphorylase exhibits a developmental 
pattern specifically related to tuberisation (Fig. 2B). Whether this reversible enzyme catalyses 
a net degradation or synthesis flux during early tuber development is unknown, but its increase 
of overall activity parallels, like AGPase, the accumulation of starch in the growing tuber, 
implying its involvement, which is consistent with the suggestion that in young developing 
tubers (5-10 g Fw) plastidial-localized starch phosphorylase participates in the (cycling) 
process of starch net synthesis (Brisson et al., 1989). 
Sucrose mobilisation during tuber growth in relation with the presented results 
At the onset of tuberisation a switch from an invertase-dominated hydrolytic sucrose-
degradation route to a Susy-catalysed one occurs (Appeldoorn et al., 1997). The decline in the 
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content of the metabolites UDPGlc and Glc6P after the onset of tuberisation indicates that the 
tuber-induced increase in sucrose import and net rate of sucrose-degradation catalysed by Susy 
is not accompanied with a rise of the cytosolic hexose-P pool, which might be a prerequisite in 
order to maintain a high net rate of sucrose degradation in growing tubers. Of the reported 
enzymes only AGPase and STP showed a large and clear development-regulated increase after 
tuber-induction, which is consistent with their role in starch synthesis and the massive 
accumulation of starch during tuber development. Starch synthesis represents a major drain of 
carbon on the hexose-P pool and an artificial blockade in its synthesis results in a large 
increase of sucrose content (and of sucrose resynthesis) in growing tubers (Miiller-Rober et al., 
1992), indicating its close relation with respect to the regulation of net rate sucrose degradation 
during tuber development. Respiratory(-related) metabolism could represent another major 
drain on the hexose-P pool. However, the pattern of overall activity of the enzymes involved, 
suggests that it is very unlikely that tuber growth is accompanied with a large increased net 
flux through respiratory(-related) metabolism. But the tuberisation-related increase in the 
content of frul,6bisP may imply that more carbon enters glycolysis than needed for respiration 
and anabolic biosynthesis-routes. This seems well possible as the carbonflow into glycolysis 
can be regulated independent of the net flux to pyruvate. If this rise in frul,6bisP reflects an 
increase of the triose-P pool is unknown, but such an increase could be important with respect 
to the stimulation of starch synthesis by a rising 3PGA/Pi ratio. Like UGPase, the coarse 
control of PFP seems to be subject to sugar-induction. It can be envisaged that UGPase, of 
which the net rate and direction of the flux through its rever-sible reaction is most likely only 
affected by the cytosolic level of its reactionproducts (Nakano et al., 1989; Sowokinos et al., 
1993), operates as an extension of Susy (Kleczkowski 1994) and that it forms an integral part 
of the process of cycling between sucrose and hexose-phosphates in growing tubers. The other 
sugar-inducible enzyme, PFP, is the main regulating enzyme of the regulatory substrate cycle 
between hexose-P and triose-P in growing tubers. The simultaneous operation of hexose-
P/triose-P cycling and of sucrose cycling allows the cells of developing tubers to adjust the 
flux of carbon in a highly sensitive way in response to changes in the supply of sucrose and the 
requirement for carbon in the biosynthetic and respiratory pathways during tuber growth 
(Dancer et al., 1990; Geigenberger and Stitt 1993; Merlo et al., 1993; Geigenberger et al, 
1994). 
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In situ analysis of the expression of genes encoding enzymes involved in the conversion of 
sucrose to hexose-phosphate during in vitro stolon-to-tuber transition of potato by 
hybridisation and/or activity staining techniques, revealed distinct spatially and 
developmentally regulated patterns. The mitotic-active (sub)apical region of the growing 
stolon showed high hexokinase (HK) and invertase activities, the latter being attributed to the 
cell wall-bound form (C WI). These data are indicative for a specific involvement of C WI and 
HK in cell division. At the onset of tuberisation a sucrolytic switch of an invertase-dominated 
pathway into a sucrose-synthase (Susy) catalysed one occurred, which was accompanied by a 
simultaneous induction of fructokinase (FK) expression and activity. The strong similarity in 
the patterns of Susy and FK indicates a tight spatially and temporally coordinated 
(up)regulation and a close functional linkage in the metabolic regulation of net sucrose 
degradation in starch-accumulating parenchyma cells. The transcriptional pattern of a soluble 
alkaline pyrophosphatase argues against an involvement in starch synthesis and supports its 
formerly proposed cytosolic localisation. A possible role for this particular isoform in the 
regulation of cellular energy-status is suggested. 
Introduction 
As sucrose is the starting point of carbohydrate metabolism in developing potato tubers, the 
mechanisms responsible for the breakdown of sucrose and its regulation are of particular 
interest. Sucrose can either be fed into carbohydrate metabolism by the hydrolytic action of 
invertase resulting in glucose and fructose, or by conversion into uridine-5-diphosphoglucose 
(UDPGlc) and fructose via sucrose synthase (Susy) activity. Invertase exists in different forms 
(Avigad 1982): acid invertases, known as a cell wall-bound form and as a soluble vacuolar 
form, and a neutral cytosolic invertase. To elucidate the relative roles of the two different 
sucrolytic enzymes in the metabolism of sucrose during tuber development, we previously 
followed the activity patterns of the acid invertase forms and of Susy during stolon-to-tuber 
transition in a well defined in-vitro tuberisation system based on single-node cuttings 
containing an axillary bud (Appeldoorn et al., 1997). This in-vitro system produces tubers in a 
highly synchronous manner, which are similar to field-grown tubers in their morphology, 
protein and starch composition (Visser et al., 1994; Sanz et al., 1996; Xu et al., 1998). From 
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this study it could be deduced that at the onset of tuberisation a sucrolytic switch from a 
hydrolytic sucrose-degradation route to a predominantly Susy-catalysed one occurs 
(Appeldoorn et al., 1997). Such a change in the pathway of sucrose mobilisation related to 
tuber initiation had also been shown in soil-grown potato plants (Ross et al., 1994). The 
reaction catalysed by all invertase isozymes is irreversible (Avigad 1982) and not subject to a 
high degree of fine metabolic regulation (Stitt and Steup 1985; Kruger 1990). In contrast, the 
reaction catalysed by Susy is readily reversible in vivo and is under control of fine metabolic 
regulation (Geigenberger and Stitt 1993). The switch from a hydrolytic sucrose-breakdown 
route to a Susy-catalysed one offers the cell a mechanism of sucrose cycling (in which sucrose-
phosphate synthase is also participating) by which the net rate of sucrose breakdown during 
tuber growth can be adjusted automatically to the supply of sucrose and the requirement for 
carbon in the biosynthetic and respiratory pathways in the cell (Dancer et al., 1990; 
Geigenberger and Stitt 1993; Merlo et al. 1993 and references therein). In this cycle of 
simultaneous synthesis and degradation of sucrose, the net flux through the sucrose pool 
responds very sensitively to mechanisms modulating the unidirectional synthetic or 
degradation flux. Two important factors involved in the metabolic control of the net rate of 
degradation of sucrose are the cytosolic content of the two end products fructose and UDPGlc 
(Dancer et al., 1990; Geigenberger and Stitt 1993). Concomitant with the rapid decrease in 
overall fructose content after tuber initiation in vitro (Visser et al., 1994), and in field-grown 
plants (Ross et al., 1994), a sharp increase of overall fructokinase (FK) activity occurs, strongly 
suggesting that the cytosolic fructose content is down-regulated by this enzyme, which is 
necessary to ensure a high net rate of sucrose degradation in developing tubers (Appeldoorn et 
al, 1997). The high level of overall UDPGlc pyrophophorylase (UGPase) activity present in 
growing tubers allows rapid conversion of UDPGlc (Zrenner et al., 1993; Appeldoorn et al., 
1997). As a result, the end products of the sucrose degradation reaction will enter the hexose-P 
pool, which consists of an equilibrium mixture of hexose-phosphates (ap Rees 1988; Viola 
1996), from where they can be dirigated into oxidative pentose phosphate pathway (OPPP), 
glycolysis or starch biosynthesis. 
In the past decades carbohydrate metabolism in potato tubers has been extensively 
investigated, which has resulted in a considerable knowledge about the regulation of enzymes 
involved in the process of sucrose mobilisation during tuber growth. However, only very little 
research has focused on the cytological/in situ demonstration of the localisation of these 
enzymes at protein and/or expression level in developing tubers. Recently, Fu and Park (1995) 
described the expression pattern of two isolated classes of sucrose synthase genes, Sus3 and 
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Sus4, present in potato plants. They showed that in developing tubers both classes of genes are 
expressed in all tissues except for the periderm. To our knowledge no other data concerning the 
localisation of Susy activity and/or expression in the stolon or from other enzymes involved in 
sucrose mobilisation and its regulation during stolon-to-tuber transition have been reported. 
Our previous study regarding measurement of overall activities of enzymes participitating in 
sucrose metabolism in tuberising stolons revealed clearly distinct patterns during potato tuber 
organogenesis indicating the occurrence of a development-associated metabolic switch. 
However, it did not provide any information on possible differences in the temporal and spatial 
patterns within the stolon and/or growing tuber, which might be of importance for the 
understanding of the regulation of sucrose degradation and carbohydrate partitioning in relation 
to organogenesis during very early stages of tuber development. Therefore, we decided to 
study the temporal and spatial pattern of the involved enzymes at tissue level. We used two 
different approaches: (i) histochemical analysis of enzyme activity in longitudinal sections of 
the in-vitro cultured explants at different stages of development and (ii) detection of mRNA of 
some of the corresponding genes by in situ hybridisation. 
Material and Methods 
In-vitro tuber-induction system 
Synchronization and growth conditions of the potato (Solarium tuberosum L. cv 'Bintje') 
nodal cuttings, containing an axillary bud, were as described previously (Hendriks et al., 1991; 
Visser et al., 1994; Appeldoorn et al., 1997), except that the period of culture was 8 days. 
During the 8 day growth period developing axillary buds were harvested daily (in green light) 
and fixated for in situ hybridisation experiments or histochemical analysis as described below. 
Preparation of non-radioactive riboprobes 
Digoxigenin-labeled sense and antisense RNA probes were generated by transcribing the 
cloned cDNA-sequences of interest with T3 and T7 RNA polymerase according to the 
manufacturer's instructions of the digoxigenin RNA labeling kit from Boehringer Mannheim. 
The following cDNA-sequences, subcloned into vectors containing a polylinker site adjacent 
to/flanked by the T3 and T7 RNA-polymerase promotors, were transcribed: a partial 1.5 kb 
Eco RI-Hind III fragment (full-length cDNA is 2.7 kb) encoding the Solarium tuberosum 
sucrose synthase gene described by Salanoubat and Belliard (1987 and 1989) and belonging to 
the class of Susy 4 genes (Fu and Park 1995), a 1.1 kb Eco RI-Eco RI fragment (5' half of full-
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length cDNA of 2.0 kb) encoding the Daucus carota cell wall-bound invertase (CWI) gene 
described by Sturm and Chrispeels (1990), a 1.1 kb EcoRI-Eco RI fragment (full length) 
encoding the S. tuberosum fructokinase gene described by Smith et al. (1993) and Taylor et al. 
(1995) and a 0.95 kb Eco RI-Eco RI fragment (full length) encoding the S. tuberosum alkaline 
pyrophosphatase (APPase) gene described by du Jardin et al. (1995). Digoxigenin-labeled 
sense and antisense RNA probes generated from a cloned 2.3 kb Eco RI-Eco RI genomic 
fragment of the S. tuberosum 25S rRNA gene (Landsmann and Uhrig 1985) were used as a 
positive control in the in situ hybridisation experiments. To enhance the efficiency of 
penetration of the riboprobes into the tissues, half of the produced amount of each riboprobe 
was degraded to a size of approximately 700 nucleotides by alkaline hydrolysis according to 
Cox and Goldberg (1988). 
In Situ Hybridisation 
In situ RNA localization studies were essentially conducted as described by Cox and 
Goldberg (1988, and Van de Wiel et al, 1990), except that a nonradioactive approach based on 
immunological detection of the hybridized probe was used (e.g. Coen et al., 1990). Developing 
axillary buds were fixed in 10 mM sodium phosphate buffer (PBS), pH 7.2-7.4, containing 4% 
paraformaldehyde, 0.25% glutaraldehyde and 100 mM NaCl for 1 hour under vacuum at room 
temperature and following another 3-4 hrs (day 6-8, 4 hrs) of incubation under normal 
conditions. The fixated samples were rinsed in PBS, dehydrated in a graded ethanol and xylene 
series, and embedded in paraffin (Para Clean, Klinipath, Duiven, NL). Longitudinal sections of 
7 uM thick were cut and attached to slides coated with 2% (v/v) 3-aminopropyltriethoxy-silane 
(Sigma, Deisenhofen, FRG). Paraffin was removed with xylene and after rehydration through 
an ethanol series, sections were treated with 1 ng/ml proteinase K in 100 mM Tris-HCl (pH 
7.5) and 50 mM EDTA for 30 min at 37°C. After washing the sections with distilled water, the 
pretreated tissues were incubated for 30 min at room temperature with (pre)hybridization 
solution consisting of 10 mM Tris-HCl (pH 7.5), 1 mM EDTA, 50% deionized formamide 
(Sigma). 300 mM NaCl, lx Denhardt's (Merck), 5 mM DTT and 0.16 U/|il RNase inhibitor 
(rRNasine, Promega). Hundredfifty to 300 ng of riboprobe was linearized for 5 min at 80°C in 
a volume of 20 ul containing 30 ug tRNA and 100 ug poly(A) RNA (Boehringer). The 
riboprobe was mixed with 180 ul of freshly prepared (pre)hybridization solution and applied to 
the fixed tissues. Hybridization took place in the dark in a humid atmosphere for 16 hours at 
42°C. Afterwards the tissues were washed with 4 x SSC (four times 15 min, 1 x SSC contains 
0.15 M NaCl and 0.015 M sodium citrate) at room temperature, treated with a solution of 50 
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\xg RNase A/ml in 500 mM NaCl, 10 mM Tris-HCl (pH 7.5), 1 mM EDTA for 50 min at 37°C 
and finally washed in 2 x SSC at room temperature for 30 min. If a high-stringency wash-step 
was required, the tissues were in addition washed with 0.1 x SSC for 30 min at 42°C. 
The sections were incubated with blocking solution (100 mM Tris-HCl pH 7.5, 2% [w/v] 
BSA [fraction V], 1% [v/v] Triton X-100) for 30 min at room temperature and after washing 
with 100 mM Tris-HCl (pH 7.5) and 0.1% BSA-C (an acetylated and partly linearized form of 
BSA, Aurion, Wageningen, NL) for 5 min, treated with the anti-digoxigenin FAB-alkaline 
phosphatase conjugate (Boehringer, 1:3000 diluted in 100 mM Tris-HCl (pH 7.5)/ 0.1% BSA-
C). Antibody-binding was allowed for one hour at room temperature after which excess 
antibody was removed by washes in 100 mM Tris-HCl (pH 7.5, 3x15 min.). The sections 
were subsequently incubated in a reaction medium of 0.45 mg/ml nitro blue tetrazolium 
chloride (NBT) and 0.175 mg/ml 5-bromo-4-chloro-3-indolyl phosphate (BCIP) in 100 mM 
Tris-HCl (pH 9.5), containing 100 mM NaCl and 5 mM MgCl2. The reaction was performed in 
the dark at room temperature and positive signal appeared as purple to dark staining. 
Depending on the abundancy of the transcripts the reaction time varied from 15 min to 18 
hours. The reaction was stopped by washing the sections 2 times with 10 mM Tris-HCl (pH 
8.0), 1 mM EDTA for 5 min at room temperature and before the slides were mounted in 
glycergel (DAKO Glycergel, Mounting Medium, Uithoorn, NL) they were washed twice with 
distilled water for 5 minutes. The sections were photographed, using a Nikon Optiphot 
microscope in bright field mode. The photographs were digitized with AGFA Photolook 
Scanware software and merged by using Adobe Photoshop version 4.0 (Adobe Systems Inc., 
San Jose, Ca). 
Histochemical localisation of enzyme activities 
The spatial and temporal distribution of activities of different enzymes were visualized by 
coupling their reaction to the reduction of nitro-blue tetrazolium (NBT) into the blue 
precipitable formazan salt, according to the modification of a protocol of Doehlert and Felker 
(1987), as recently described by Wittich and Vreugdenhil (1998). Daily harvested developing 
buds were sectioned (longitudinal sections of 200 uM thickness), fixed and washed to remove 
all soluble carbohydrates. 
Acid Invertase activity was visualised by incubating the tissues for 1 hr at 30°C in a 
reaction medium containing 380 mM sodium phosphate (pH 6.0), 25 units glucose oxidase, 
0.29 mg/ml NBT, 0.14 mg/ml phenazine methosulfate and 29.2 mM sucrose (modification 
method of Doehlert and Felker 1987). In the control reaction sucrose was omitted. 
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Sucrose synthase activity was visualised by incubating the tissues for 1 hr at 30°C in a 
reaction medium as described by Wittich and Vreugdenhil (1998), except that the NAD 
concentration was 2.6 mM. Control sections were incubated in medium without sucrose. 
Hexokinase (HK) and fructokinase activities were visualised by incubating the tissues for 1 
hr at 30°C in a reaction medium used for the determination of HK or FK activities in crude 
stolon and potato enzyme-extracts (in the reaction medium of HK glucose was added and in the 
FK reaction fructose and phosphoglucose isomerase), which has been described by Appeldoorn 
et al. (1997), except for the extra inclusion of 0.28 mg/ml NBT. Control sections were 
incubated in medium without substrate. 
UDPGlucose pyrophosphorylase activity was visualised by incubating the tissues for 1 hr at 
30°C in a reaction medium used for assaying the activity in crude extracts as described by 
Appeldoorn et al. (1997), with the extra inclusion of 0.28 mg/ml NBT. In the control reaction 
UDPGlc was omitted. 
After the incubation period, reactions were terminated by rinsing the sections in distilled water. 
The sections were stored in distilled water at 4°C. Examination of the tissues and recording of 
the results were as described for the in situ hybridisation experiments. 
Results 
Morphological development 
When single-node cuttings of potato plants were cultured in the dark on tuber-inducing 
medium with 8% sucrose, most axillary buds (90-95%) developed into stoloniferous shoots 
bearing tubers. The initiation of the developmental program leading to tubers, as judged from 
the visible apical swelling, occurred at day 5/6 (Appeldoorn et al., 1997). The ongoing mor-
phological events during the in-vitro stolon-to-tuber transition have previously been studied in 
detail (Sanz et al., 1996; Xu et al., 1998). The following is a short summary of the results 
required for a better understanding of the presented data. In the first four days of culture the 
buds grew by transversal cell divisions occurring in the apex and subapical region and by 
subsequent elongation of the new cells. Many of these new cells were arranged in meristem-
like cell columns resulting in stoloniferous shoots with a normal stem structure including 
continuous vascular bundles along the longitudinal axis and a pattern of regular longitudinal 
files of cells (Xu et al., 1998). At day 5 the development of the stolon switched to tuber 
formation. The transversal cell divisions and elongation of the stolon had stopped. Instead, 
radial growth of the subapical region had become externally visible and was a result of 
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intensive cell widening and longitudinal cell divisions, of which the latter reached a peak at 
day 6 (Xu et al., 1998). The longitudinal divisions occurred throughout the whole swelling 
subapical region (Sanz et al., 1996; Xu et al., 1998). Later on, other planes of division were 
observed too and no preferential orientation was recognized anymore (Sanz et al., 1996). 
Patterns of in situ RNA hybridisation and of histochemical enzyme-activity localisation 
Acid Invertase(s) 
Hybridisation of the sections of developing buds harvested at day 3 with the antisense RNA 
probe of cell wall-bound invertase of carrot yielded a staining pattern covering all the different 
tissues of the section (Fig. 1A [p. 54]). After the onset of tuberisation the hybridisation signal 
progressively disappeared from the cortex, vascular tissue and pith parenchyma of the 
tuberising stolon (days 6 and 7, Fig. 1A). At day 6 the intensity of the hybridisation signal had 
decreased largely in the meristem-like cells of the apex, but remained present, although at a 
very low level, during further enlargement (days 6, 7 and control, Fig. 1 A). 
Histochemical analysis of acid invertase activity in the developing axillary buds of potato 
showed that during the period before visible tuber formation, enzyme-activity was 
predominantly present in the (sub)apical region of the stolon (Fig. 2A [p. 56], day 3 and 4). It 
was also found in the lower parts of the stolon at day 3 and 4, but in these regions of the stolon 
the intensity of the staining was low in comparison with the (sub)apical part. After tuber 
formation had started, the acid invertase activity was still located in the non-swelling apex 
(Fig. 2 A, day 6 and 8), but it was absent in the cortex, vascular tissue and pith of the subapical 
region. In the stolon, subtending the young tuber, a higher staining of activity was observed in 
vascular tissues in comparison with the parenchymatic tissues. 
Sucrose Synthase 
In situ hybridisation analysis of transcription of the gene coding for sucrose synthase 4 in 
sections of in vitro induced buds fixed at different stages of tuber development revealed an 
opposite hybridisation pattern in comparison with that of the carrot CWI RNA probe. Before 
the onset of tuberisation at day 5/6 no expression of the Susy 4 gene could be detected in any 
of the tissues of the growing stolons (day 3, Fig. IB; day 3 is also representative for day 4 and 
5, which are not shown). After tuber initiation, expression occurred in the cortex and pith 
parenchyma tissues of the swelling subapical region (day 6 and control, Fig IB) with an 
increasing intensity of the hybridisation signal from the more enlarged cells in the basal area of 
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the tuber towards the smaller cells near the apex. No clear signal of expression was visible in 
the apex, nor in the stolon at this stage of tuber development. During further enlargement of the 
tuber the intensity of the signal increased and expression was also found in the vascular tissue 
and to some extent in the stolon (day 7, Fig. IB), but it remained absent in the apex. 
Histochemical analysis of the Susy activity in the developing buds at different stages 
displayed a similar staining pattern as found for the expression of the Susy 4 gene. The 
sections of day 3 and day 4 revealed no clear (blue) activity staining (Fig. 2B). In the growing 
tuber Susy activity was localised in the parenchymatic and vascular tissues (day 6 and 8, Fig. 
2B) and showed a gradient in its staining pattern along the apical-basal axis with the highest 
intensity in the upper part of the tuber. A low level of uniform staining was found in the stolon 
area of the section, with more prominent staining in the vascular tissue (day 8, Fig. 2B). During 
tuber formation the apex remained unstained and a quite sharp boundary between this apex and 
the highly stained upper part of the tuber was visible (day 6, fig. 2B). 
Fructokinase 
The transcriptional pattern of the gene encoding a potato fructokinase, was essentially the 
same as seen for the Susy 4 RNA probe during tuber development. In the period before tuber 
formation no hybridisation signal could be detected in the stolons (day 3, Fig. 1C), except for a 
small part of the apical epidermal layer, but this staining of the apical epidermis was also to 
some extent visible in the control (Fig. 1C) and is, therefore, assumed to be non-specific. 
Initiation of visible tuber formation was accompanied by the appearance of hybridisation signal 
in the swelling subapical stolon part (day 6, Fig. 1C), where it was mainly restricted to the 
upper and middle areas of the young tuber. In the apex expression was visible in the epidermal 
layer, but like in the section of day 3 it is considered to be non-specific. The hybridisation 
signal increased with further tuber development and was extended to the basal side of the tuber 
(day 7, Fig. 1C). Like Susy, expression was associated with storage parenchyma cells and 
vascular tissue and showed a similar gradient of increasing intensity of the staining along the 
basal-to-apical axis of the growing tuber. In the leaf primordia and a small remaining part of 
the apex no hybridisation was detected. In the stolon part below the swelling region 
hybridisation signal had appeared, although to a lower extent in comparison with the 
parenchymatic tissues of the young tuber. 
The histochemical study of FK activity in the different stages of bud development revealed 
that no or only a very low level of activity was present in the sections of day 3 and 4 (Fig. 2D), 
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Fig. 1 Expression patterns of investigated genes during in-vitro stolon-to-tuber transition. Bright-field 
photographs of longitudinal sections (7 urn thick) of S. tuberosum axillary buds grown on tuber-inducing medium 
and hybridized with digoxigenin-iabeled antisense RNA probes as described in mat. & meth. As a positive control 
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sections were hybridized with labeled transcripts derived from a 25 S rRNA S. tuberosum gene, showing an 
intense staining in all the different tissues (data not shown). 
(A) Sections of day 3, 6, and 7 hybridized with a heterologous cellwall-bound invertase probe from D. carota. 
Control represents a section of day 7 hybridized with the sense RNA probe. 
(B) Sections of day 3, 6, and day 7 hybridized with an antisense sucrose synthase RNA probe. Control represents 
a section of day 6 hybridized with the sense RNA probe. 
(C) Sections of day 3, 6, and 7 hybridized with a fructokinase RNA probe. Control represents section of day 3 
hybridized with the sense RNA probe. 
(D) Sections of day 3, 6, and day 7 hybridized with an antisense alkaline pyrophosphatase RNA probe. Control 
represents a section of day 7 hybridized with the sense RNA probe. 
Bars in (A) to (D) = 0.84 mm 
growing tubers FK activity had become visible and displayed a gradient-like staining pattern 
covering the whole swelling region. In the tuber-bearing stolon part staining of the FK activity 
was also demonstrated, but the intensity of the staining was lower (day 6 and 8, Fig. 2D). 
Alkaline pyrophosphatase 
In situ hybridisation analysis of APPase expression in sections of developing buds at 
different stages of in vitro tuber development revealed the following pattern: before the onset 
of tuberisation APPase mRNA was localised in all the different tissues of the growing stolon 
(day 3, Fig. ID). In the section of day 6 where swelling of the subapical region had become 
visible, APPase mRNA remained most prominently present in the apex with the highest 
intensity of hybridisation signal in meristematic cells, vascular tissue and leaf primordia (Fig. 
ID). Below the zone of apical meristem-like cells expression was lower and decreased further 
towards the basal side of the tuberising region. During further enlargement of the tuber the 
level of APPase transcripts had decreased largely in the parenchymatic and vascular tissues of 
the tuber and the tuber-bearing stolon part (day 7 and control, Fig. ID). In the apex 
hybridisation still occurred, but to a lower extent, except for the leaf primordia. 
Since the reaction of APPase could not be coupled to NBT reduction, no data about the spatial 
distribution of APPase activity in growing stolons and tubers are presented. 
Hexokinase 
Histochemical analysis of glucose-phosphorylating activity (termed hexokinase; Renz et al., 
1993; Merlo et al., 1993) in sections of the buds, fixed at different stages during the early 
process of tuber development, showed a staining pattern with similarity to the localised activity 
of acid invertase(s), but which clearly differed from the patterns observed for FK and Susy 
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Fig. 2 Histochemical localisation of activities of enzymes involved in sucrose to hexose-phosphate conversion 
during different (in vitro) stages of early tuberisation. Staining for enzyme-activities of longitudinal sections (200 
uM thick) of axillary buds grown on tuber-inducing medium was performed as outlined in methods. For each 
enzyme investigated day 3, 4, 6 and 8 are shown in the respective order. Control sections were incubated in 
reaction-media without substrate and did not reveal activity-staining (blue color). 
(A) (Acid) invertase. (B) Sucrose synthase. (C) Hexokinase. (D) Fructokinase. (E) UDPGIucose pyrophos-
56 
In situ analysis of tuberisation-related changes in enzymes involved in sucrose metabolism 
phorylase. (F) Control sections incubated in reaction media for staining (acid) invertase activity, but without 
sucrose and representative for controls of all investigated enzymes. Bar in (F) = 5 mm. 
activity before tuber formation (Fig. 2A, B, C and D). In contrast to Susy and FK, staining of 
HK activity was high in the growing stolon of day 3 and day 4. Like acid invertase, it was 
mainly restricted to the (sub)apical region (day 3 and 4, Fig. 2C). Colour formation as a result 
of HK activity present in the parenchymatic and vascular tissues of the lower parts of the 
stolon was much less, but still evident, which had also been observed for acid invertase. During 
tuber growth HK activity was present in the tuber parenchymatic cells, showing a gradient in 
intensity along the apical-basal axis and it was appreciably higher than the activity observed in 
the stolon part (day 6 and 8, Fig. 2C). 
UDPGlucose Pyrophosphorylase 
Investigation of the localisation of UGPase activity revealed a distinctly different pattern in 
comparison with the other enzymes. During the development and growth of the stolon activity 
was clearly present in all tissues. However, except for a strong staining in the vascular tissue, 
UGPase activity-staining was more equally distributed and did not show such a large 
difference in intensity between (sub)apical region and the rest of the stolon as had been 
observed for acid invertase and HK (day 3 and 4, Fig. 2E). The onset of tuber formation did not 
lead to a relatively similar increase of activity for UGPase in the tuberising subapical region as 
had been observed for Susy and FK, but it remained more or less at the same level already 
present in the stolon of day 4 (Fig. 2E). Furthermore, during tuber growth UGPase activity kept 
its more uniform, equally staining pattern in the whole tuberising stolon (except for the more 
prominent staining of vascular tissue), while histochemical analysis of the other enzymes 
revealed an activity gradient along the apical-basal axis of the tuber and a more clear difference 
in the intensity of activity staining between the stolon part and the tuber region (day 6 and 8, 
Fig. 2B, C, D and E). 
Discussion 
Invertases predominate in growing stolons 
In potato plants the presence of at least two different cell wall invertases (CWI) and one 
soluble acid invertase has been shown (Hedley et al., 1993 and 1994; Zrenner et al., 1996). 
Their corresponding cDNA clones have been isolated by using a heterologous carrot CWI 
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probe (Sturm and Chrispeels 1990), which is highly homologous to the potato cell wall 
invertases and to a lesser extent to the vacuolar isoform (Hedley et al, 1994; Zrenner et al., 
1996). In situ hybridisation with this heterologous RNA probe in combination with 
histochemical analysis of invertase activity revealed clearly the presence of acid invertase(s) in 
all the different stolon tissues before the onset of tuberisation (Fig. 1A and 2A), which is in 
sharp contrast with the absence of Susy (4) transcripts or (any) significant Susy activity-
staining during this stage of development (Figs. IB and 2B). Therefore, we conclude that the 
hydrolytic sucrose breakdown catalysed by invertases represents the predominant route of 
sucrose degradation in meristematic and parenchymatic tissues of elongating and growing 
stolons of potato. 
Role of Cell Wall-bound Invertase during stolon growth 
Detection and localisation of invertase activity showed intense staining in the (sub)apical 
stolon part in comparison with the rest of the stolon (Fig. 2 A), which is in agreement with the 
substantial difference in total acid invertase activity (2.2-fold) between these two regions in 
field-grown stolons (Ross et al., 1994). This gradient in invertase activity does not correspond 
to the constant level of soluble acid invertase activity measured during the first five days of 
culture (Appeldoom et al., 1997). In this period of growth the increase in cell number of the 
stolon (5/6-fold) is quite linear and not exponential (Xu et al., 1998). Assuming that the rate of 
cell division is nearly constant and does not vary to a great extent, as has been observed for 
roots of Arabidopsis thaliana (Beemster and Baskin 1998) and Zea mays (Muller et al., 1998) 
during changes of growth rate, then these observations indicate a rather constant number of 
mitotic-active cells during stolon growth, which will as a percentage of total cell number 
between day 0 and 5 decline according to the same pattern as has been observed for the (5-fold 
decrease in) activity of CWI (Appeldoom et al., 1997). Therefore, this correlation with mitotic 
activity indicates that the intense activity-staining associated with the meristematic (sub)apical 
region can be attributed to a specific localisation of high CWI activity. 
Cell wall-bound invertase is thought to play an important role in assimilate import into 
apoplastically supplied sink tissues by steepening the sucrose gradient between phloem and 
recipient cells (Eschrich 1989; Miller and Chourey 1992; Weber et al., 1995; Roitsch et al., 
1995). The presence of CWI activity in the stolon tip suggests, therefore, that the unloading 
and post-phloem transport of sucrose in the apex occurs via an apoplastic way (Roitsch and 
Tanner 1996). In developing seeds of Vicia faba high hexose conditions, generated by a CWI 
specifically expressed in the unloading zone of the seed coat, are correlated with mitotic 
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activity in the premature cotyledons (Weber et al, 1996). This apparent correlation was 
supported by in vitro experiments showing that hexoses maintained cell divisions while 
sucrose tended to stop mitoses and favoured differentiation and storage (Weber et al, 1996). In 
analogy, the CWI activity in the stolon apex may contribute to the control of the phase of cell 
division in this region by creating an apoplastic environment in favour and/or necessary for the 
maintenance of mitotic activity (Weber et al., 1996; Herbers and Sonnewald 1998). Sugars can 
induce and/or (down-)regulate the level of expression of genes (Koch 1996; Weber et al., 
1996), including those involved in the regulation of cell division at cell cycle level (Hemerly et 
al., 1993; Soni et al., 1995). Therefore, such a controlling role in the process of cell division by 
CWI could be exerted via the release of metabolic signals mediating activation of genes 
regulating or important for cell division. For yeast it is known that externally supplied glucose 
is able to induce cell division, indicating that glucose could act as a signal in the activation of 
cell division (Granot and Snyder 1991 and 1993). Recently, it has also been shown that during 
the development of cotyledons of Viciafaba steep gradients in local glucose concentrations 
across these tissues emerge, which appear to be correlated with mitotic activity (Borisjuk et al., 
1998). In this perspective the observation that the enzymes CWI and HK seem to be subject to 
a coordinated coarse control in the (sub)apical region of the stolon (Fig. 2A and C, Appeldoorn 
et al., 1997) is very interesting and provides further support for the supposed controlling role of 
CWI in cell division. Hexokinase does not only phosphorylate glucose (Renz and Stitt 1993), 
but is also described to operate as an integral part in the process of sugar-sensing leading to 
modulation of expression of sugar-responsive genes (Gancedo 1992; Jang and Sheen 1994; 
Stitt et al., 1995; Jang et al., 1997). A possible mechanism for the concerted action of CWI and 
HK in this process of sugar-sensing could be the metabolic signalling of glucose influx from 
the apoplast via the phosphorylation step of glucose (Gancedo 1992), resulting in 
transcriptional (and/or translational) activation of genes participating in the process of cell-
division (Roitsch et al., 1995). 
Role of Fructokinase and Sucrose Synthase in developing tubers 
Like for the two FK isoforms in developing tomato fruit (Martinez-Barajas and Randall 
1996), it has been suggested that the two main, closely-related isoforms present in growing 
potato tubers (Renz et al., 1993; Renz and Stitt 1993) represent different post-translational 
products encoded by a single-copy gene (Taylor et al., 1995; Martinez-Barajas et al., 1997; 
Kanayama et al., 1998). In situ hybridisation with the corresponding RNA probe of this gene 
(Smith et al., 1993), showed that the tuberisation-related switch in the pathway of sucrose 
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mobilisation (Figs 1A, B and 2A, B; Ross et al., 1994; Appeldoorn et al., 1997), is 
accompanied by an induction of FK, which closely resembles the spatially and temporally 
expression pattern of the Susy 4 gene (fig. IB and 1C). Also at protein level these two enzymes 
displayed a strong similarity in their developmental activity patterns (Fig. 2B and D; 
Appeldoorn et al., 1997). Moreover, the FK probe displayed, like Susy 4, a small gradient in 
signal intensity along the basal-apical axis in the swelling stolon-region, which was also 
reflected at activity level. A similar gradient in the activities of both enzymes has been found 
in developing soil-grown tubers (Merlo et al., 1993). All these observations strongly indicate a 
spatially and temporally coordinated coarse control of these two enzymes after the onset of 
tuberisation. A developmentally coordinated regulation of FK and Susy activity has also been 
reported for immature tomato fruit (Schaffer and Petreikov 1997) and lima bean seeds (Xu et 
al., 1989). 
Recently it has been reported that the FK activity present in growing tubers appears to be 
highly regulated and may even catalyze a near rate-limiting reaction (Viola 1996). As the 
overall activity of FK is in large excess relative to the metabolic fluxes occurring in developing 
tubers (Renz et al., 1993; Viola 1996) and the isoforms of FK in tubers show a much higher 
affinity for fructose than Susy (10-50 fold, Avigad 1982; Geigenberger and Stitt 1993; Renz 
and Stitt 1993), this apparent 'fine' control mechanism of FK activity may, therefore, ensure the 
maintenance of an important, fully functional process of sucrose cycling during tuber 
development (Viola 1996). The apparently close functional linkage between Susy and FK in 
the in-vitro developing tubers, strongly supports the idea that fructokinase represents an 
important, highly regulated metabolic control point in sucrose-starch conversion during tuber 
growth (Viola 1996; Herbers and Sonnewald 1998), allowing and maintaining a high, but 
adjustable, net rate of sucrose degradation through the Susy-catalysed sucrolytic pathway. 
In tomato fruits, the FK isoform associated with starch accumulation, has been shown to be 
responsive to sugar modulation (Kanayama et al., 1998). A similar mechanism might explain 
the simultaneous occurrence of Susy (4) and FK in the region just below the tuber-induced 
swelling stolon tip (Fig. IB, 1C, 2B and 2D). A small increase in Susy and FK activities in this 
tuber-bearing stolon part has also been observed after the onset of tuberisation in soil-grown 
stolons concomitant with a rise in sucrose and starch content (Ross et al., 1994). Accordingly, 
the onset of the development of a strong sink could result in a higher sucrose concentration in 
the phloem and a subsequent increased sucrose influx in the stolon parenchymatic tissues, 
which may lead to the (coordinated) induction of sugar-responsive genes associated with sink 
storage functions (Ross et al, 1994; Fu et al., 1995; Koch 1996; Schaffer and Petreikov 1997; 
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Herbers and Sonnewald 1998; Kanayama et al., 1998). 
Role of Alkaline Pyrophosphatase 
Soluble alkaline pyrophosphatase activity is generally assumed to be restricted to the 
plastidic compartment in plant cells (Gross and ap Rees 1986; Weiner et al., 1987; Stitt 1998). 
However, recently a cDNA encoding a soluble APPase from potato has been isolated, which is 
thought to be localised in the cytosol (du Jardin et al., 1995). During the development of the 
axillary bud, expression of the corresponding gene(s) is not specifically restricted to 
parenchyma cells, but occurs also in tissues lacking amyloplasts (day 3 and 6, Fig. ID), which 
is in strong support of the proposed extraplastidial localisation of the isoform encoded by this 
cDNA. The expression pattern of this isoform of APPase seems to correlate largely with the 
developmental pattern of overall enzyme activity during the culture period of 10 days 
(Appeldoorn et al. 1999). In the period before tuber formation a clear expression covering the 
whole bud was observed (Fig. ID), reflecting the appreciable level of APPase activity present 
during these stages of development. However, after the initial period of tuberisation onset (day 
6), APPase mRNA became less abundant and decreased in the parenchymatic tissue of the 
swelling tuber, but also in the apex and in the stolon region below the tuber (Fig. ID, day 7), 
coinciding with a declining pattern of enzyme activity during the phase of consecutive tuber 
growth (day 7-10, Appeldoorn et al., 1999). A decrease in APPase transcript level has also 
been confirmed for early developing soil-grown tubers (du Jardin, pers. comm.). This decline 
in APPase expression in tuber parenchyma cells concomitant with the decline in overall 
enzyme activity in growing tubers does not correspond to the tuberisation-related increase in 
ADPGlucose pyrophosphorylase (AGPase) activity and in starch content (Appeldoorn et al. 
1999; Visser et al. 1994), providing further evidence against a possible involvement of the 
isoform encoded by this cDNA in the process of starch accumulation. 
Although the amount of APPase mRNA is not equally distributed over the different tissues 
in (tuberising) stolons (Fig. ID, day 3 and 6), it is clear that the corresponding gene is not 
tissue-specific expressed, suggesting an involvement in a general metabolic process during 
heterotrophic growth. Activity measurements of the main enzymes involved in respiratory(-
related) pathways (glycolysis and OPPP) and of APPase strongly indicated that they are 
subject to a coordinated coarse control, probably regulating their potential in response to the 
requirement of energy and carbon intermediates by the cell (Appeldoorn et al., 1999). 
Moderate overexpression of a cytosolic targeted E. coli pyrophosphatase in growing tubers 
resulted in a substantial increase in the activities of the main glycolytic enzymes (Geigenberger 
61 
Chapter 4 
et al., 1998), which supports the observed apparent coordinated coarse control in the in vitro 
system. Moreover, it also indicates that cytosolic PPi-metabolism may be (in)directly involved 
in the coarse regulation of the glycolytic enzymes (Geigenberger et al., 1998). 
Growth by division and subsequent extension of the newly formed cells as occurring in 
rapidly elongating stolons (Sanz et al., 1996; Xu et al., 1998) is likely to be accompanied by a 
high metabolic activity of core biosynthetic routes such as protein, DNA/RNA, fatty acids and 
cellulose synthesis in the fast growing cells, providing a large source of PPi (Hatzfeld et al., 
1990; Nakanishi and Maeshima 1998). To drive these reactions effectively in the synthetic 
direction, rapid conversion of the by-product PPi is required (Weiner et al., 1987; Rea et al., 
1992; Stitt 1998). The supposed cytosolic soluble APPase could be involved in this process, as 
has also been suggested for the unrelated tonoplast-bound pyrophosphatase in fast growing 
tissues (Rea et al., 1992; du Jardin et al., 1995; Nakanishi and Maeshima 1998; Stitt 1998). At 
the same time the Pi released by the hydrolytic action of APPase may serve directly as a(n) 
(additional) metabolic source for the (re)synthesis of ATP by the elevated respiratory activity 
during rapid growth. The increased Pi content in the moderately overexpressed APPase tubers 
was accompanied by considerably higher levels of adenine and uridine nucleotides than in wild 
type tubers (Geigenberger et al., 1998). But these transformed tubers also showed increased 
ATP/ADP ratios, which supports a relation between APPase activity, PPi hydrolysis and ADP-
to-ATP conversion. 
Observations of a declined PPi-content in transgenic APPase expressing tubers (Jelitto et 
al., 1992; Geigenberger et al., 1998) support the assumption that the cytosolic PPi level in 
developing tubers could be affected by the level of cytosolic APPase activity. The transition of 
a stolon into a tuber is accompanied by a switch from an ATP-dependent invertase-catalysed 
sucrose-degrading route into a PPi-dependent Susy-mediated one (Figs 1 A,B and 2A, B; Ross 
et al., 1994; Appeldoorn et al., 1997). The decrease in APPase expression and overall activity 
during tuber growth is, therefore, consistent with the observed need of a cytosolic PPi-level 
high enough to support sucrose degradation via the PPi-dependent sucrolytic pathway in 
developing tubers (Sonnewald 1992; Jelitto et al., 1992). The idea that the APPase-mediated 
PPi-degrading potential might be positively correlated with the energy- and carbon-
intermediates forming potential in growing stolons and tubers of potato is a new, very exciting 
one and requires a thorough investigation to elucidate the physiological function of this 
apparent linkage during stolon-to-tuber transition, which may provide novel insights in the 
regulation of cellular energy-status and growth-related processes in heterotrophic organs. 
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In this chapter the results presented in the preceding chapters will be discussed in a broader 
context, focussing on how the initial steps in carbohydrate metabolism and the subsequent 
partitioning of carbon are regulated in stolons and tubers. A further attempt will be made in 
integrating the process of sucrose degradation with the induction of morphological and/or 
metabolic processes at the molecular level. Models are presented, showing and summarizing 
the main differences in primary carbohydrate metabolism between developing stolons and 
tubers (Fig. 1 [p. 103] and 2 [p. 104]), and demonstrating how carbohydrate metabolism may 
affect regulation at the molecular level in these two different sink organs (Fig. 3 [p. 105]). 
Essential results will be repeated briefly, to make this chapter better accessible and 
understandable with minimal knowledge about the rest of the thesis. 
Stolon development and carbohydrate metabolism 
Morphological development of stolons 
Tubers of potato plants are underground modified stems with a specialised storage function, 
which are initiated at the tip of stolons. Potato stolons are lateral growing shoots with 
elongated internodes, hooked at the tip and bearing spirally arranged scale leaves (Cutter 
1978). They develop from underground buds by transverse cell divisions and subsequent cell 
elongation. The transversal cell divisions occur in the apex and subapical region of the stolon 
tip, which can accordingly be described as a meristematic growth-region (Cutter 1978; Xu et 
al., 1998), adding new cells to the longitudinal axis of the stolon. Many of these new cells are 
arranged in meristem-like cell columns, which lead to the formation of a normal stem structure 
including continuous vascular bundles along the longitudinal axis and a pattern of regular 
longitudinal files of cells (Cutter 1978; Xu et al., 1998). At the onset of tuber formation, the 
transversal cell divisions and elongation of the stolon have stopped and cell widening and 
subsequent longitudinal divisions in the whole subapical region occur, resulting in a rapid 
radial growth of the initiated tuber (Sanz et al., 1996; Xu et al., 1998). 
Invertases predominate during stoloniferous shoot-formation 
Sucrose is the main form of transported assimilates in potato plants (Oparka and Prior 
1987). When it arrives from the source tissues in the sucrose-metabolising tissues, it may enter 
carbohydrate metabolism by the activity of invertase or sucrose synthase (Susy; Sung et al., 
1989). Invertase has a high affinity for sucrose and catalyses an irreversible hydrolytic 
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reaction, yielding glucose and fructose (Avigad 1982), while Susy catalyses a low-affinity, 
reversible conversion of sucrose into UDPGlc and fructose (Geigenberger and Stitt 1993). 
Furthermore, invertase is not subject to a high degree of metabolic regulation (Stitt and Steup 
1985; Kruger 1990), but Susy seems to be highly sensitive to inhibition by fructose (Dancer et 
al., 1990; Geigenberger and Stitt 1993). Invertase exists in different forms (Avigad 1982): acid 
invertases, known as a cell wall-bound form and as a soluble vacuolar form and a neutral 
cytosolic invertase. Sucrose synthase is localised in the cytosol. Analysis of transcriptional 
and/or (post)translational patterns of the acid invertases and of Susy during stolon-to-tuber 
transition in a well defined in-vitro tuberisation system (chapters 2 and 4), strongly indicated 
that acid invertases represent the predominant sucrolytic activity in meristematic and 
parenchymatic tissues of stoloniferous shoots, which is consistent with the observations made 
in non-tuberising field-grown stolons (Ross et al., 1994). Moreover, this latter study showed 
that although the overall activity of neutral invertase is low in field-grown stolons (7-fold 
lower than total acid invertase), it is still twofold higher than Susy (Ross et al., 1994). This 
difference implies not only that the cytosolic invertase constitutes the main sucrolytic enzyme 
present in the cytosol, but also that the reaction conditions for Susy in this compartment will 
limit the Susy-mediated sucrolytic potential. Based on these studies it is clear that the 
hydrolytic sucrose breakdown, catalysed by the different invertase isoforms, constitutes the 
predominant route of sucrose degradation in elongating and growing stolons of potato. 
The general occurrence of high acid invertase activity in rapidly elongating organs, such as 
potato stolons and sprouts, bean internodes, and hypocotyls of bean seedlings (Arai et al., 
1991; Ross et al, 1994 and references therein; chapters 2 and 4), indicates that acid inverta-
se(s) may play an important role in the growth of elongating structures. 
Role of Cell Wall-bound Invertase in heterotrophic growth during the pre-storage phase 
The availability of carbohydrates is essential for the process of cell division. Already in 
1966 Van 't Hof reported a general effect of nutrient supply on mitotic activity and showed 
that the number of dividing and DNA synthesizing cells can be regulated by eliminating 
carbohydrates from the medium. Moreover, he observed that carbohydrate starvation produces 
cell arrest in Gland G2 phase (Van 't Hof et al., 1973). The enzyme cell wall-bound invertase 
(CWI) seems rather specifically expressed (and/or translated) in the regions of stolons where 
mitosis occurs (chapter 4). Such a specific pattern suggests a possible role for CWI in the 




The supply of carbohydrates 
Whole plants represent physiological mosaics of photosynthetically active tissues such as 
mature leaves (source tissue), exporting carbohydrates to photosynthetically less active or 
inactive tissues such as stems, flowers, and roots (sink tissues). This long-distance transport of 
carbohydrates is driven by differences in solute concentrations and osmotic potentials (Ho 
1988). As already mentioned, in potato plants sucrose is the primary long-distance transport 
form of photoassimilates. Sucrose is loaded into the phloem and transported towards the 
different sink tissues. Once sucrose has arrived in the sink tissue it can either be unloaded in a 
symplastic or in an apoplastic way. In contrast to organs with a symplastic unloading and post-
phloem transport, the sink cells in apoplastically supplied tissues have to import the carbohy-
drates from their direct apoplastic environment. Depending on the presence of an extracellular 
invertase, carbohydrates can either be taken up by the sink cells as sucrose or as hexoses (Fig. 1 
A and B [p. 103]). Cell wall-bound invertase is considered to play an important role in 
assimilate import into apoplastically supplied sink tissue by steepening the sucrose gradient 
between phloem and recipient cells (Eschrich 1989; Miller and Chourey 1992; Roitsch et al., 
1995; Weber et al., 1995). Moreover, its hydrolytic action represents the first step in the use of 
sucrose for respiration and biosynthesis, carbon-consuming activities which also contribute to 
the driving force of unloading and post-phloem transport (Sturm et al, 1995). Therefore, the 
presence of CWI activity in the stolon tip does not only suggest apoplastic unloading in this 
region, but may also ensure the establishment and/or (further) enhancement of sink strength in 
this mitotically active region. In this import process also hexose-carriers, mediating the cellular 
uptake of hydrolysis products of sucrose, are thought to be involved (Godt and Roitsch 1997; 
Herbers and Sonnewald 1998). In Chenopodium rubrum one of the three hexose carriers is 
coordinately with CWI induced by cytokinins, phytohormones known to promote cell division 
(Ehness and Roitsch 1997). Coordinated expression has also been observed in developing 
seeds of Viciafaba during the period of mitotic activity (Weber et al., 1997). These data 
indicate that these proteins are functionally linked, to supply sink tissues with carbohydrates. 
In this perspective, the coordinated (up-)regulation of these proteins could be a mechanism to 
maintain and/or enhance the flow of assimilates and, thereby, satisfy the higher carbohydrate 
demand of actively growing cells (Ehness and Roitsch 1997). 
Metabolic control of intracellular carbon fluxes 
In apoplastically supplied tissues expressing CWI, this enzyme catalyses the entry-point of 
sink metabolism (Fig. 1 A), and could, therefore, exert an important control on the metabolic 
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fluxes occurring in the sink cells of these tissues. Invertases catalyse an irreversible reaction 
and are not subject to a high degree of fine metabolic control (Stitt and Steup 1985; Kruger 
1990). This means that the rate of apoplastic sucrose degradation is mainly regulated at the 
level of substrate availability (sucrose import) and amount of CWI protein present in the 
apoplast. In this view the transcriptional regulation of CWI plays a very important, maybe even 
a central role in determining the rate of sucrose degradation, because it will not only affect the 
catalytic potential, but, consequently, also the capacity to draw substrate from the phloem. Cell 
wall-bound invertase belongs to the group of enzymes, involved in heterotrophic metabolism, 
whose level of expression is responsive to sugar-modulation (Cheng et al., 1996; Koch 1996; 
Godt and Roitsch 1997). In C. rubrum it has been shown that CWI can be specifically induced 
by glucose, one of its own reaction-products (Roitsch et al., 1995). A low constitutive level of 
expression could, therefore, be up-regulated, by this positive feedback mechanism, in response 
to its own activity (Fig. 3A [p. 105]). 
The enzyme with a highly specific glucose-phosphorylating activity, termed hexokinase (HK, 
Merlo et al., 1993; Renz et al., 1993), allows this degradation product of the invertase reaction 
to enter carbohydrate metabolism. During stolon development, the overall activity of HK 
shows a high degree of correlation with CWI (chapter 2). Furthermore, the spatial distribution 
of HK activity in growing stolons closely resembles the localisation pattern of CWI (chapter 
4). These observations suggest that both enzymes may be subject to a coordinated coarse 
control and that they may be functionally linked. Whether the overall level of these two 
enzymes is subject to a coordinated upregulation via sugar-modulation is unknown (Fig. 3A). 
Such a mechanism, however, would allow feed-forward induction in order to obtain a level of 
activities sufficient to ensure the required flow of carbon towards the dividing cells, and a level 
of sink metabolism (sucrolytic and hexose-phosphorylating potential) able to sustain the high 
cellular flux of carbon, as demanded by cell division-related processes (ap Rees 1984; Roitsch 
and Tanner 1996). 
Carbohydrate-modulated transcription (and/or translation) of genes 
Carbohydrates appear to have a dual function in the process of cell division. They serve as a 
carbon source required for energy metabolism and production of cell components. But, as 
already mentioned, they also seem to function as metabolic signals triggering transcriptional 
activation (or repression) of genes involved in processes such as heterotrophic carbohydrate 
metabolism and cell division (Koch 1996; Xu et al., 1996; Weber et al, 1996 and 1997). For 
instance, the gene cdc2 in Arabidopsis, which is linked with the competence for cell division 
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and considered to participate in cell cycle regulation, is expressed in a carbohydrate dependent 
manner and thus controlled by the nutritional state (Hemerly et al., 1993). Via this mechanism 
the availability of soluble carbohydrates is linked and coordinated with the competence of 
cellular growth, regulated at cell cycle level and at the level of metabolic potential to convert 
the carbohydrates into energy and carbon skeletons for anabolic routes. There is also accumu-
lating evidence that modulation of sugar-responsive genes could be sugar-type specific (Jang 
and Sheen 1994; Roitsch et al., 1995; Rook et al., 1998). The extracellular CWI-catalysed 
conversion of one class of signal metabolites (sucrose) into another one (hexoses) affects the 
(carbohydrate-related) environmental information, which may be of great importance for the 
(coordinated) regulation of growth and carbohydrate metabolism of apoplastically supplied 
sink organs. 
(A) Glucose-induction of cell division. 
High hexose levels, generated by a CWI specifically expressed in the unloading zone of the 
seed coat of Viciafaba, were shown to be correlated with mitotic activity. Moreover, external 
supply of hexoses maintained cell divisions in the premature cotyledons, while sucrose tended 
to stop mitosis and induced differentiation and storage processes (Weber et al., 1996). More 
recently, high-resolution mapping of glucose concentrations in tissue sections of the same 
Viciafaba embryos revealed that during the development of cotyledons steep gradients in local 
glucose concentrations across these tissues emerge, which correlated with mitotic activity 
(Borisjuk et al., 1998). The observed induction of cell division in yeast by externally supplied 
glucose is in accordance with the correlation between glucose and mitotic activity in 
developing cotyledons (Granot and Snyder 1991, 1993). These observations indicate that 
glucose could be the signal molecule involved in the activation of cell division. The CWI 
activity in the stolon apex may, therefore, contribute to the control of the phase of cell division 
in this region by creating an apoplastic environment in favour and/or necessary for the 
maintenance of mitotic activity (Weber et al., 1996; Herbers and Sonnewald 1998). Hexokina-
se is also described to operate as an integral part in the sugar-sensing mechanism leading to 
modulation of sugar-responsive genes (Gancedo 1992; Graham et al., 1994; Stitt et al., 1995; 
Jang and Sheen 1997). During the formation of stolons in our in-vitro system, HK might be 
functionally linked with CWI in the process of metabolic regulation of mitotic activity (chapter 
4). A possible mechanism for the concerted action of CWI and hexokinase in this process 
could be the metabolic signalling of glucose influx from the apoplast via the phosphorylation 
step of glucose (Gancedo 1992; Roitsch et al, 1995)(Fig. 3 A). 
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The rate of cell production has two distinct components: the number of cells involved and 
their rate of cell division. Changes in the rate of cell production could, therefore, be caused by 
altering the duration of the expression of cell cycle machinery (postpone time-point before 
cells leave cell cycle and enter GO-phase) and/or by affecting the passage through different cell 
cycle checkpoints. It is not known to what extent plants regulate cell production by either type 
of mechanism (Beemster and Baskin 1998). In all eukaryotes the passage through different 
check points of the cell cycle is regulated by cyclin-dependent kinases (cdk). It is thought that 
the accumulation of the regulatory subunits of these cdk-complexes (cyclins) to certain 
threshold levels represent the rate-limiting steps in cell cycle progression (Ferreira et al., 1994 
and references therein). Several cyclins have been identified in plants (Soni et al., 1995 and 
references therein). One of these was shown to be inducible by a carbon source (Soni et al., 
1995). The combined activity of CWI and HK could, therefore, act on (i) the duration of the 
expression of the cell cycle machinery, which is consistent with the carbohydrate-modulated 
expression of the catalytic unit (cdc2) of the cdk-complexes (Hemerly et al., 1993), and/or (ii) 
act on the transcriptional (and/or translational) regulation of sugar-responsive cyclins, affecting 
the progression through different check points of the cell cycle. 
(B) Glucose-modulated changes in respiratory activity 
Recently, ectopic expression of a yeast invertase in the apoplast of potato tubers resulted in 
an increase in tuber size and of total tuber fresh weight per plant in comparison with the 
untransformed wild-type when grown under controlled climatic conditions (Sonnewald et al., 
1997). According to the authors the introduced ability of apoplastic conversion of sucrose into 
hexoses may have caused enlargement of tuber size by (1) an increase in the capacity to draw 
photosynthate from the phloem (unloading of sucrose) and/or (2) by the induction of new 
rounds of cell division (see above). However, the introduced enzyme activity resulted also in a 
considerable increase in respiration, which can be considered as a loss of available photosyn-
thate for starch production and may indeed explain the decrease in starch content and lack of 
increase in biomass production (Sonnewald et al., 1997; Herbers and Sonnewald 1998). It has 
not been reported yet by which mechanism the rate of respiration has been increased in these 
transgenic tubers. Potato tubers expressing yeast invertase in their cytosol also showed an 
enhanced rate of respiration and a reduction in starch accumulation during tuber development 
(Trethewey et al., 1998). Biochemical analysis of these transgenic plants revealed an increase 
in the metabolic intermediates of glycolysis, organic acids and amino acids and a considerable 
increase in the overall activity of key enzymes involved in the respiratory(-related) pathways 
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(PFK, PK, citrate synthase). These data indicate that cytosolic conversion of sucrose into 
hexoses is able to induce a higher respiratory(-related) capacity and a higher flux through this 
pathway (Trethewey et al., 1998). Another observation in these transformed plants was that the 
maximum catalytic activity of HK had been increased. This observation supports the view that 
the expression (and/or translation) of HK can be modulated by the production of hexoses via 
the invertase-reaction and that HK may be functionally linked with invertase in the metabolic 
regulation of respiratory(-related) capacity and/or carbon flux towards glycolysis. Strong 
support for the direct involvement of cytosolic HK-activity in the partitioning of carbon into 
respiratory(-related) pathways, comes from the overexpression of a bacterial glucokinase in 
cytosolic invertase-expressing tubers. These double transformants revealed a further increase in 
glycolytic intermediates, total amino acids, the rate of respiration and a further decline in starch 
content (Trethewey et al., 1998). 
Biochemical analysis of double transformants with a yeast invertase in their apoplast and a 
reduced expression of AGPase (Muller-Rober et al., 1992), showed that no induction of 
glycolytic enzymes had occurred in the tubers of these double transformants (Trethewey et al., 
1999). The authors did not report whether the rate of respiration had been increased or not. 
These data suggest that the increased rate of respiration in tubers of the single, apoplastic-
targeted invertase transformants may not be due to an induction of a higher respiratory(-
related) capacity. However, in photosynthetically active leaves of Nicotiana tabacum, intro-
duction of the yeast invertase in the apoplast has been shown to result in higher rates of 
respiration and of respiratory(-related) capacity (Stitt et al., 1990). Similar changes have been 
observed after adding glucose to autotrophic higher plant cell-suspension cultures (Spilatro and 
Anderson 1989). Furthermore, heterotrophic cell-suspension cultures of C. rubrum also show 
an increase in respiratory(-related) enzymes after exogeneous addition of glucose (Hatzfeld et 
al., 1990). It cannot be excluded that the mechanisms, whereby sugar metabolism is linked to 
the regulation of cellular and metabolic processes, may differ considerably between species 
and tissues. But, these similarities do suggest that extracellular hexose-production by CWI may 
affect respiratory(-related) capacity at transcriptional (and/or translational) level in the 
(sub)apical region of the stolon (Fig. 3 A). 
Recently, feeding of glucose to sliced potato tuber discs has been shown to result in a marked 
increase of glycolytic metabolites and a stimulation of respiration during short-term experi-
ments. In contrast, exogenous supply of sucrose did not stimulate respiration and the amounts 
of glycolytic metabolites remained similar to or lower than in control discs incubated without 
sugars (Geiger et al., 1998). Fructose also led to an increase in phosphorylated metabolites and 
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in the rate of respiration, but the increase was smaller than with glucose. This is probably due 
to the lower rate of fructose uptake and not to slow metabolisation of fructose once it has been 
taken up (Geiger et al., 1998). According to the authors, the opposing effects of glucose and 
sucrose on the levels of glycolytic metabolites and rate of respiration were not caused by the 
different rates of uptake and metabolisation of these two sugars. The observation that 
respiration remained high but metabolites decreased when sucrose was added together with 
glucose indicated that the high respiration rate is not just due to the increased level of 
metabolites, but might result from a specific activation by glucose (Geiger et al., 1998). 
Therefore, irrespective at what level(s) an enhanced flux into respiration may be induced by 
glucose, it seems evident that glucose is in comparison with sucrose preferentially partitioned 
into the respiratory(-related) pathways. In this respect, an enhanced metabolisation of glucose 
in respiratory pathways concomitant with the induction of cell division, may provide the cell 
another mechanism automatically linking the higher demand for energy and carbon-
intermediates with a higher supply of these products. 
Role of soluble acid invertase during stolon growth 
In soil-grown stolons at least one soluble acid invertase gene, homologous to carrot CWI at 
transcript level, is active (Zrenner et al., 1996). Expression of this isoform in parenchyma cells 
is presumably reflected by the hybridisation pattern of the heterologous CWI probe and 
invertase-activity staining in the region below the apex of the stoloniferous shoot (chapter 4), 
although these data may also indicate transcription of CWI in this extending zone. However, 
the rather constant level of soluble acid invertase activity during the first five days of bud 
development (chapter 2) supports the presumed expression of soluble acid invertase in 
parenchyma cells, because it indicates most likely a constant level of activity throughout the 
whole growing stolon, including parenchyma cells (Fig. 1A and B). This can also be deduced 
from the pattern in the two non-tuberising controls, showing the same, constant level of 
activity in the whole 10-day's period of culture (chapter 2). 
Rapid stolon growth depends on a continuous carbon supply allowing respiratory activities 
and the formation of new tissues through cell division and subsequent cell elongation. In the 
apex the flow of carbon towards the cells is mainly driven by the action of CWI in the 
apoplast. In this stolon region, soluble invertases might also play a (minor) role in this process 
if not all sucrose is hydrolysed in the apoplast or partly resynthesized in the cytosol by the 
possible very low activities of Susy and/or SPS. However, in the parenchymal tissues the 
contribution of soluble invertases to the generation and maintenance of sink-strength (Chapleo 
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and Hall 1989; Sturm et al., 1995) and of energetically-favorable conditions for cell-
elongation-related processes (ap Rees 1984) seems more important, as the activity of CWI is 
thought to be much less in these tissues (chapter 4)(Fig. IB). 
Elongation of the parenchyma cells in the stolon yields an important contribution to the 
growth of the developing buds put on tuber-inducing medium (Sanz et al., 1996; Xu et al., 
1998). This process is driven by water uptake and directly related to the osmotic potential of 
the cell (Sturm et al., 1995). Measurements of soluble sugar contents in field-grown stolons 
revealed that the extension zone showed only a slightly higher level of soluble sugars (approx. 
10%) than the (sub-)apical region. However, the distribution of sugars within this pool was 
strikingly different with a much higher hexose/sucrose^ ratio found in the zone below the (sub-
epical stolon part (Ross et al., 1994), indicating that in the elongation zone the amount of 
osmotically active sugar molecules has been increased, and, therefore, the osmotic potential. 
Also during stolon formation in the in-vitro tuberisation system a shift in this ratio in favor of 
cell elongation (from 1.9 to 3.5, day 2-5) has been observed, while the total soluble sugar 
content remained fairly constant after an initial increase (29-32 mg per gr FW, Vreugdenhil et 
al., 1998). In cold-stored transgenic potato tubers and ripening transgenic tomato fruits it has 
been demonstrated that soluble acid invertase may change the hexose/sucrose ratio without 
altering the total soluble sugar content (Klann et al., 1996; Zrenner et al., 1996). Furthermore, 
the reduced activity of this enzyme in transgenic tomato plants led to a smaller fruit size, 
probably due to a decrease in hexose/sucrose ratio and consequently less water accumulation 
(Klann et al., 1996). Therefore, in parenchymatic tissues a possible additional function of this 
soluble isoform in the process of cell elongation can be suggested (Fig. IB; Sturm et al., 1995; 
Herbers and Sonnewald 1998), which is in agreement with (i) the close correlation between 
soluble acid invertase activity and rate of cell elongation and (ii) the accompanying hexose 
accumulation, as has been observed in other rapidly growing plant organs, such as stem 
internodes of bean plants (Morris and Arthur 1985), tulip flower stalks (Lambrechts and 
Kolloffel 1993), subhooks of pea seedlings (Miyamoto et al., 1993), and etiolated hypocotyls 
of sunflower seedlings (Pfeiffer and Kutschera 1995). 
Respiratory(-related) metabolism and starch synthesis. 
As stated above, glucose, one of the end-products of an invertase reaction, is directed into 
carbohydrate metabolism by the physiologically-linked activity of hexokinase (Fig. 1A and B). 
The other resulting hexose, fructose, is phosphorylated by specific fructokinases (FK, Renz and 
Stitt 1993; Renz et al., 1993). Overall activity measurements and the lack of a clear staining in 
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histochemical and in-situ hybridisation experiments revealed that this enzyme is only present 
in a low amount during stolon growth (chapters 2 and 4), as had also been observed for field-
grown stolons (Ross et al., 1994). The rather constant (low) level of overall activity during the 
first five days of growth under inducing and non-inducing conditions (chapter 2), indicates that 
this enzyme is equally distributed throughout the whole stolonforming structure, implicating 
that it is not related to mitotic activity as has been suggested for HK. Although the activity of 
FK is low in elongating stolons, no clear relative increase in the fructose content (8.9-8.3 mg 
per gr FW) in comparison with that of the glucose content (6.9- 14.7 mg per gr FW) can be 
observed during stolon growth (day 1-5; Vreugdenhil et al., 1998). This lack of a relative 
increase in the fructose content suggests that the level of fructose-phosphorylating potential 
present during stolon growth, is apparently still high enough to sustain a rate of fructose 
conversion that is at least equal to the flux through the glucose pool, catalysed by HK (Fig. 1A 
and B). As a result of the phosphorylation-reactions, the end products of the sucrose hydrolysis 
will enter the hexose-P pool, which consists of an equilibrium mixture of fructose-6-phosphate 
(Fru6P), glucose-6-phosphate (Glc6P) and glucose-1-phosphate (GlclP), due to the readily 
reversible reactions catalysed by the enzymes phosphoglucomutase (PGM) and phosphogluco-
isomerase (PGI)(ap Rees 1988; Viola 1996). The overall activity of these two enzymes is high 
during stolon growth (chapter 3), and they are active in all the different stolon-tissues (unpubl. 
results). The hexose-phosphates can leave the hexose-P pool by entering glycolysis, the 
oxidative pentose-phosphate pathway (OPPP), the cell wall synthesis or starch synthesis route 
(Blakely and Dennis 1993). 
Glycolysis is of crucial importance in plants because it is the predominant pathway that 
'fuels' plant respiration (Plaxton 1996). Besides generating reducing equivalents (NAD(P)H), 
both glycolysis and OPPP provide carbon intermediates for important anabolic biosynthesis 
routes (Plaxton 1996; Brownleader et al., 1997). According to literature the enzymes PK and 
PFK, which both catalyze an irreversible phosphorylation reaction, are involved in the primary 
and secondary control of the flux through glycolysis, respectively (Brownleader et al., 1997; 
Plaxton 1996). Glucose-6-phosphate dehydrogenase (G6PDH) and 6-phosphogluconate 
dehydrogenase (6PGDH) are the first two committed enzymes of the OPPP. The reactions 
catalysed by these two enzymes are regarded as contributing to a large extent to the total 
control of the carbon flux through the OPPP (Wurtele and Nikolau 1986 and references 
therein). In our in-vitro system the enzyme 6PGDH seems to limit the maximal flux through 
these two enzymes (chapter 3). A suggestion for 6PGDH being the rate-limiting step of the 
OPPP in non-photosynthetic tissues of the potato plant has been made by Wagner et al. (1987). 
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The overall activity-patterns of these three presumed key-enzymes (PK, PFK and 6PGDH), 
participating in the regulation of respiratory (-related) metabolism, appear to be subject to a 
coordinated coarse control in developing stolons and tubers (chapter 3). The patterns of the 
other investigated respiratory metabolism-related enzymes (G6PDH, PGI, PGM and Aid) also 
revealed a high degree of similarity and correlation to PFK, PK, 6PGDH in both controls and 
in the tuberising treatment in the period day 0-5 (PGI, day 0-10, chapter 3). Therefore, it seems 
most likely that in heterotrophic growing tissues of potato, glycolysis and OPPP are under the 
same coarse control, probably regulating their potential in response to the need of energy and 
carbon skeletons of the cell. It is unknown at what level and by what signal-inducing and 
transduction mechanism(s) such a coordinated coarse control may be mediated 
(transcriptionally and/or translationally), although there are indications that glucose-sensing by 
HK and/or other glucose-related mechanisms could be involved (see section Glucose-
modulated changes in respiratory activity, Fig. 3 A). Trethewey et al. (1999) have suggested 
that the low cytosolic sucrose levels in cytosolic invertase-expressing transgenic tubers might 
be responsible for the observed induction of a higher glycolytic potential and rate of 
respiration. However, the absence of a clear difference in glycolytic potential between the 1 % 
sucrose treatment and both 8%-sucrose treatments (day 0-5, tuberising condition and day 0-10 
non-tuberising controls; chapter 3), while the respective difference in sucrose-content is very 
large (Vreugdenhil et al., 1998), indicates that such a mechanism in the modulation of 
respiratory(-related) capacity is most unlikely. 
The induction of growth and development of axillary buds leads to an increased percentage 
of dividing cells with a higher glycolytic and OPPP capacity. Eventually this percentage of 
dividing cells decreases again by the increasing number of elongating cells and cells who have 
reached the "mature" stage (Xu et al., 1998). This pattern is accompanied and reflected by the 
changes in overall capacity of respiratory(-related) metabolism during the period of stolon 
formation (chapter 3)(Fig. 1 A and B). 
In soil-grown stolons starch synthesis occurs (Ross et al., 1994), which is in agreement with 
the observed presence of AGPase activity before the onset of tuberisation (Sowokinos 1976). 
By the conversion of GlclP into ADPGlc, the enzyme AGPase produces the precursor for 
starch synthesis and is thought to contribute to a large extent to the total flux-control in the 
process of starch synthesis (Muller-Rober et al., 1992). However, the amount of starch present 
in non-tuberising stolons is very low (0.5-2.6 mg per gr FW), suggesting that the amount of 
substrate available for starch synthesis is limited and/or its partitioning towards starch 
synthesis is restricted during stolon development. In contrast, the two 8%-sucrose systems 
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showed a significant amount of starch already after one day of culture, which increased during 
further growth in the initial period (day 3/4 ca 35 mg per gr FW; Vreugdenhil et al., 1998). The 
level of starch in the 1%-sucrose treatment was more comparable to the field-grown stolons. 
Despite this difference, the overall activity of AGPase and of starch phosphorylase (STP), 
which is able to synthesize starch by coupling glucose-units to the end of the glucose polymere 
chain, showed similar levels in all three treatments during development and growth of shoot 
forming structures (chapter 3). Assuming that the overall activities of AGPase and STP also 
reflect the presence of relatively similar levels of other enzymes directly involved in (the 
AGPase-mediated) starch synthesis route and taken into account that the measured activities of 
the two enzymes can both easily account for the observed amounts of starch in the two 8%-
sucrose treatments, then the lack of similar levels of starch in the 1%-sucrose treatment does 
not seem to be caused by the absence of sufficient starch-synthesising potential. Instead, as the 
level of soluble sugars also is considerably lower in the 1%-sucrose treatment, the amount of 
starch synthesised seems to be more regulated in response to the level of carbon supply. This 
may also explain the very low content in developing field-grown stolons. How carbon 
availability might modulate the process of starch synthesis will be discussed in the section 
"Tuberisation and carbohydrate metabolism". 
Pyrophosphate metabolism and rapid growth 
In literature, the current opinion is that the enzyme soluble alkaline pyrophosphatase 
(APPase) is restricted to the plastidic compartment in plant cells (Gross and ap Rees 1986; 
Weiner et al., 1987; Stitt 1998). However, from potato a cDNA encoding an APPase has been 
isolated, which has been proposed to be localised in the cytosol (du Jardin et al., 1995). In situ 
hybridisation experiments with the corresponding RNA probe argue against an involvement in 
starch synthesis for this APPase isoform, which is consistent with the proposed cytosolic 
localisation (chapter 4). Measurements of overall APPase activity also support the existence of 
a cytosolic isoform (chapter 3). Moreover, these activity measurements revealed that the level 
of APPase activity correlated highly with that of respiratory(-related) enzymes, suggesting that 
the coarse control of APPase and of these respiratory(-related) enzymes is coordinated (chapter 
3). The synthesis of cell components produces PPi either during the activation of monomers 
(e.g. UDPGlc synthesis by UGPase prior to cellulose synthesis, amino acid activation into 
amino acyl-tRNA prior to polypeptide elongation) or during the elongation of the polymers 
(e.g. DNA and RNA synthesis). According to the Kornberg (1962) model, the energy "wasted" 
by PPi hydrolysis is needed for making these processes thermodynamically irreversible 
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(Goodwin and Mercer 1990; Rea et al., 1992). Hence, the first and most ubiquitous function of 
inorganic pyrophosphatase is presumably to drive anabolism (du Jardin et al., 1995; Stitt 
1998). In the rapidly growing stolons, these anabolic reactions are likely to be especially rapid, 
providing a large source of PPi (Hatzfeld et al., 1990). Rapid stolon growth is also accompa-
nied by an elevated level of respiratory(-related) capacity and metabolism in order to comply 
with the higher demand for energy and carbon-intermediates by these anabolic reactions 
(chapter 3; Hajirezaei et al. pers. comm). Therefore, the coupling between respiratory(-related) 
metabolism and cytosolic APPase activity provides the cells a mechanism, which may ensure 
that under these conditions of a large PPi-production, the PPi-content is sufficiently down-
regulated to render the biosynthetic reactions irreversible in the synthetic direction. Secondly, 
as the ATP-synthesis requires free Pi, this direct linkage could maintain and sustain the 
required energy-production by enhancing the recycling of free Pi, released by the 
pyrophosphorylytic hydrolysis, into the ATP-generating respiratory pathways. This supposed 
direct relation between APPase activity and supply of Pi for ATP formation is supported by the 
finding that the absolute level of ATP and the ATP/ADP ratio in transgenic tubers with a 
moderate overexpression of a bacterial APPase targeted to the cytosol was higher than in wild 
type tubers (Geigenberger et al., 1998). This is also consistent with the increase in the rate of 
respiration observed in the sliced tuber discs of these transgenic APPase tubers in comparison 
with the discs of wild type tubers. These effects may also result from the enhanced 
respiratory(-related) metabolic potential (Geigenberger et al., 1998; Trethewey et al., 1999), 
instead of a direct metabolic effect of an increased Pi-level on ATP-formation, although in 
vitro experiments have shown that exogenous supply of Pi to sliced discs of developing wild 
type tubers did result in substantially higher ATP levels and ATP/ADP ratios (Geigenberger et 
al., 1998), which has also been observed in other plant systems (Wagner and Backer 1992). 
The substantial increase in the activities of glycolytic enzymes (PFK and PK) in the 
transgenic APPase tubers (Geigenberger et al., 1998), supports the apparently coordinated 
coarse control between APPase and respiratory(-related) enzymes (chapter 3). It indicates also 
that cytosolic PPi-metabolism may be involved in the coarse regulation of the latter group of 
enzymes (Geigenberger et al., 1998). As changes in PPi-metabolism seem to cause 
perturbations in signals related to the Pi-status of the cell, which is implied by the similarities 
with Pi-induced alterations in levels of nucleotide pools, one may assume that the (in)direct 
effect of an alteration in cytosolic PPi-metabolism on the coarse regulation of respiratory(-
related) enzymes could also be mediated via the Pi-level (Geigenberger et al., 1998). Whether 
the latter is true remains to be investigated, but the observed higher respiratory(-related) 
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capacity in developing tubers of these transgenic APPase plants and in tubers with a cytosolic 
targeted yeast invertase (Trethewey et al., 1999) implies that multiple mechanisms may exist 
by which the regulation of respiratory(-related) capacity can be affected directly and/or 
indirectly. 
In rapidly elongating organs like stolons, a considerable demand for the substrate for cell wall 
formation, i.e. UDPGlc, will exist. However, the provision of UDPGlc via Susy can only be of 
minor importance as sucrose breakdown in stolons is predominated by invertases (chapters 2 
and 4). Under these conditions, the main alternative source of UDPGlc-supply appears to be 
the reversible reaction of UGPase (Kleczkowski 1994), which is present at a high activity 
throughout the whole stolon (Sowokinos 1976; chapters 2 and 4). The direction and rate of flux 
through this reaction seems to be mainly regulated by the cytosolic content of its reaction-
products (Weiner et al., 1987; Kleczkowski 1994). This means that in metabolically highly 
active cells with a large PPi-production, downregulation of the cytosolic PPi-content, by the 
hydrolytic action of a high alkaline pyrophosphatase activity, could be required to dirigate the 
net flux of this reaction in the direction of UDPGlc-synthesis. In this view, glucose-modulated 
changes in mitotic activity and subsequent UDPGlc-demand can be coordinated with a higher 
UDPGlc-supply, by a simultaneous upregulation of cytosolic PPi-hydrolysing potential. This 
may be an additional explanation for the apparent linkage between invertases, cytosolic PPi-
hydrolysis and respiratory(-related) capacity in the regulation and coordination of metabolic 
processes during growth of non-storage sink tissues. 
Recently a cDNA clone corresponding to a soluble pyrophosphatase (APPase) and 
homologous to the potato (du Jardin et al., 1995) and Arabidopsis form (Kieber and Signer 
1991) has been isolated from developing barley grains (Visser et al., 1998). The expression of 
the corresponding gene and level of the protein was low before and during (delayed) 
germination of dormant embryos in comparison with non-dormant embryos, suggesting a 
possible involvement in this process. Germination is a highly energy-requiring process (Visser 
et al., 1998 and references therein), in which the soluble pyrophosphatase could play an 
important role by rendering essential growth-related metabolic processes thermodynamically 
irreversible and by affecting the cellular energy-status (Geigenberger et al., 1998). The 
hormone ABA is a well known inhibitor of germination (Visser et al., 1998 and references 
therein) and is reported to act through its influence on the availability of energy (Garciarrubio 
et al., 1997). Studies of interactions between recombinant APPase, PPi and ABA during 
germination of barley embryos revealed that exogenously applied PPi increases the extra-
embryonal level of ABA. These studies suggest that APPase could also be involved in the 
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process of germination by preventing a PPi-modulated increase in ABA, which would limit 
energy availability (Garciarrubio et al., 1997; Visser et al., 1998). Induction of development 
and growth of the axillary buds in our in-vitro system is accompanied with an increase in 
overall APPase activity and of the respiratory (-related) enzymes (chapter 3), but also with a 
significant reduction in the content of ABA (Xu et al., 1998), suggesting that stolon induction 
of underground buds may also be mediated by (in)direct modulation of the cytosolic PPi-level. 
As already discussed such a modulation could be exerted by factors affecting nutrient availabi-
lity (sucrose translocation and unloading) and its conversion into growth-inducing environmen-
tal information (glucose). In this view it is interesting to note that axillary buds themselves 
have a predominantly invertase-mediated sucrolytic pathway (chapter 2). 
The inhibitory effect of PPi on germination of barley grains could be overcome by exogenous 
supply of the hormone gibberelic acid (GA) (Visser et al, 1998). It has been reported that GA 
antagonizes the effect of ABA (Visser et al., 1998). In this respect, it is also worth mentioning 
that stolons have a relatively high level of GA, which seems to promote elongation of the 
stolons (Struik and Vreugdenhil 1989; Xu et al., 1998). Transgenic potato plants with a high 
pyrophosphatase activity targeted to the cytosol (Sonnewald 1992) also show various 
differences in morphological development, which might have been caused by cytosolic PPi-
modulated alterations of hormone levels. They show frequent sprouting of stolons, which is 
rarely observed in the wildtype (Sonnewald 1992). Moreover, their tubers show enhanced 
dormancy-breakage and sprouting (Sonnewald pers. comm), morphological events which are 
quite similar to the lack of dormancy as previously observed in ABA-deficient tubers (Quarrie 
1982). 
It is clear that a cytosolic form of APPase might play an important role in the induction, 
growth and development of elongating organs by interacting and coordinating processes at the 
physiological, biochemical and molecular level. 
Tuber development and carbohydrate metabolism 
Morphological development of tubers 
At the onset of tuber formation, the transversal cell divisions and elongation of the stolon 
have stopped and cell widening and subsequent longitudinal divisions in the whole subapical 
region occur, resulting in a rapid radial growth of the initiated tuber (Sanz et al., 1996; Xu et 
al., 1998). During the initial stage of tuber formation, growth occurs primarily in the pith and 
cortex (Cutter 1978; Peterson et al., 1985; Xu et al., 1998). Longitudinal cell divisions in these 
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tissues stop when tubers reach a size of approximately 0.8 cm in diameter, but enlargement of 
the corresponding cells continues throughout the whole process of tuber growth (Xu et al., 
1998). The further development of the perimedullary tuber region, including growth of the 
external phloem, the xylem and the internal phloem, starts when the tuber reaches a diameter of 
0.8 cm and continues until the tuber has reached its final size. In the perimedullary region cell 
divisions occur in the meristem-like cells, in the enlarging cells and even in mature 
parenchyma cells with starch grains. The planes of these cell divisions are randomly oriented, 
resulting in radial growth of the tuber. It is generally agreed that the perimedullary region 
constitutes the major portion of the mature tuber (Cutter 1978; Peterson et al., 1985; Xu et al., 
1998). 
The importance of sucrose for storage-sink-functioning 
Stolons and tubers represent both underground modified stem-like structures, but they are 
quite distinct in their organogenesis and carbohydrate metabolism. Stolons are elongating non-
storage sinks whose invertase-dominated sucrolytic pathway seems to play an important role in 
the coordination and regulation of growth and heterotrophic metabolism at the biochemical and 
molecular level (see above and Figs 1 and 3A). The transition from a stolon into a tuber is 
accompanied with massive accumulation of starch and a large production of storage-proteins 
(Sowokinos 1976; Obata-Sasamato and Suzuki 1979; Park et al, 1985; Ross et al., 1994). This 
functional shift into a strong storage-sink has major implications for the regulation of 
carbohydrate metabolism, since it is no longer primarily aimed at sustaining heterotrophic 
growth, but also at the coordination of the storage process. In this regulatory, coordinating 
network of metabolism and storage-sink development, the molecule sucrose itself, appears to 
play a very important role at different levels (Fig. 3B). As already mentioned exogenous 
supply of sucrose to premature cotyledons of Viciafaba tends to stop mitosis and induces 
cellular differentiation and storage processes, while hexoses maintained cell divisions (Weber 
et al., 1996). In a reverse situation, the introduction of a yeast-derived CWI-activity in the 
apoplast of developing seeds of Vicia narbonensis during the storage-phase, when the 
expression of the endogeneous CWI is down-regulated and no longer present, the conversion 
of sucrose into hexoses resulted in a major reduction of the sucrose and starch content, whereas 
hexoses strongly accumulated (Weber et al., 1998). Further analysis of these transgenic seeds 
revealed that transcription and enzyme activities of Susy and of AGPase were reduced. 
Moreover, seeds with different sucrose levels showed a positive correlation between the 
sucrose concentration and the mRNA levels of Susy and AGPase as well as to the content of 
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starch (Weber et al., 1998). These positive correlations imply that starch accumulation in 
storage sink tissues could be a function of sucrose concentration (Weber et al., 1998), although 
it can not be excluded that starch accumulation may also be a function of sucrose import, as the 
different sucrose levels might reflect different rates of influx. Introduction of invertases into 
developing tubers resulted also in a considerable decrease of sucrose content and of starch 
(Sonnewald et al., 1997; Herbers and Sonnewald 1998; Trethewey et al, 1998). However, data 
about the enzyme-activities and transcript-levels of Susy and AGPase in these transgenic 
tubers have not been reported yet. Biochemical analysis revealed that enhanced partitioning of 
carbon into a hexose-induced higher glycolytic and TCA-cycle capacity could be another 
(additional) starch-decreasing factor (Trethewey et al., 1998). Altogether, these observations 
are indicative for an important role of sucrose in the induction and (up)regulation of storage-
associated processes (Fig. 3B). 
Tubers detached from their motherplant showed a rapid inhibition of starch synthesis within 24 
hrs, but no significant decrease in the main sucrose-starch converting enzyme-activities, in the 
contents of neutral sugars and phosphorylated intermediates (which both increased), nor in the 
synthesis of other major cell components (Geigenberger et al., 1994). These observations 
indicate a selective inhibition of starch synthesis, which appears to be regulated at metabolic 
level (Geigenberger et al., 1994). This inhibition of starch synthesis, triggered by the interrupti-
on of sucrose supply, is partially reversed when sucrose is supplied through the attached stolon 
during the period of 24 hrs (Geiger et al., 1998). However, the inhibition is even strengthened 
when glucose, instead of water or mannitol, is supplied (Geiger et al., 1998). During short-term 
experiments (20-60 min.), exogenous supply of sucrose or glucose to sliced discs of wild type 
tubers revealed a selective stimulation of starch synthesis or respiration, respectively (Geiger et 
al., 1998). Moreover, after 30 min the level of ADPGlc in discs incubated in glucose-medium 
was low in comparison with discs incubated in mannitol or sucrose. But inclusion of even a 
small amount of sucrose in the glucose treatment resulted in a level of ADPGlc similar to the 
level as observed in the sucrose treatment, concomitant with an increased rate in starch 
synthesis (Geiger et al., 1998). These data indicate that sucrose selectively stimulates the 
pathway of starch synthesis via a still unknown mechanism. Apparently, sucrose is not only as 
an inducing factor at the molecular level, but also as a regulator at the biochemical level more 
associated with storage-sink functioning than hexoses (glucose). From this perspective, it is not 
surprising that large changes in enzymes regulating sucrose metabolism are associated with the 




Unloading of sucrose 
Basically two models exist for unloading of sucrose in sink tissues: (i) symplastic unloading 
along a concentration gradient and (ii) apoplastic unloading mediated by sucrose carriers 
(Sonnewald et al., 1994). Which mechanism of unloading and short-distance transport in 
potato tubers occurs is still not clear, although the abundance of plasmodesmata between sieve 
elements and surrounding tissues and the high frequency of plasmodesmata between storage 
parenchyma cells suggest that tubers could unload symplastically and transport the sucrose 
within the perimedulla in a symplastic way (Fig. 2 [p. 104]; Oparka 1986). However, there are 
also indications of apoplastic unloading and/or apoplastic sucrose movements within the 
perimedulla: (i) cytochemical staining has shown a considerable amount of ATPase activity on 
the plasmalemma of all storage parenchyma cells (Oparka 1986), (ii) inhibition of efflux of 
labeled sucrose by PCMBS, a compound that is supposed to inhibit rather specifically active 
and carrier-mediated transport components (Oparka and Prior 1987), (iii) a low but significant 
level of overall expression of sucrose carriers in tubers (Riesmeier et al., 1993) and a slight 
reduction in tuber yield when expression of these carriers was tuber-specifically reduced 
(Frommer and Sonnewald 1995) and (iv) a change in soluble sugar content by tuber-specific 
expression of an yeast invertase in the apoplast (Sonnewald et al., 1994 and 1997). 
Uptake of apoplastic sucrose by parenchyma cells can occur by a sucrose transporter or as 
hexoses by hexose transporters after hydrolysis by CWI (Frommer and Sonnewald 1995). 
However, in developing tubers the activity of CWI is very low or merely absent (chapters 2 
and 4), indicating that sucrose hydrolysis by an extracellular invertase is not an integral part of 
the unloading mechanism and/or short-distance transport within the perimedulla of growing 
tubers. This is consistent with the similarity in label distribution between the sugar content of 
stolon-exudate and solution collected in wells, cut into the phloem-rich perimedulla of growing 
tubers (Oparka and Prior 1987), and also with the large effect on tuber carbohydrate state after 
introduction of yeast invertase-activity in the apoplast of tubers (Sonnewald et al., 1997). The 
down-regulation of CWI activity after tuberisation onset, concomitant with the initiated 
accumulation of starch, characterizes also the initiation of the storage and differentiation phase 
of developing cotyledons of Viciafaba (Weber et al., 1995). Moreover, for these sink organs it 
is known that this particular down-regulation of CWI in the seed coat and the subsequent 
loading of the embryo with sucrose, triggers the storage-associated, developmental switch 
(Weber etal., 1996). 
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Cytosolic sucrolysis by Susy predominates during tuber growth. Implications for 
regulation of sink strength 
During tuber growth sucrose imported into the cell could be hydrolysed by soluble inverta-
ses, but the level of these isoforms decreases rapidly after tuber induction (Ross et al., 1994; 
chapters 2 and 4). Instead, Susy increases rapidly and down-regulation of this enzyme-activity 
by reverse genetics lead to a large inhibition of starch synthesis and of storage protein 
accumulation during tuber development, providing strong evidence that this enzyme represents 
the main sucrolytic pathway in growing tubers (Ross et al, 1994; Zrenner et al., 1995; chapters 
2 and 4)(Fig. 2). In general a high level of this enzyme-activity is found in parenchymatic 
tissues of storage-sinks, indicating that it is associated with storage-functioning (Sung et al., 
1989; Fu and Park 1995). Furthermore, it can also be found in vascular tissues of plants, where 
it seems to play a role in supplying energy for phloem loading and unloading by providing 
substrates for respiration (Fu and Park 1995). As it is the initial step of carbohydrate metabo-
lism, it has often been suggested that the overall level of this enzyme could be used as an 
indication of the sink strength of a tissue. However, Susy appears to catalyse a freely reversible 
reaction in vivo, which means that the flux through this reaction is primarily determined by the 
level of its reaction-products (Geigenberger and Stitt 1993). The overall level of Susy could, 
therefore, only represent one potentially-limiting factor in the determination of sink strength, as 
the rate of the net flux through the degrading reaction depends on factors affecting (i) the 
amount and rate of substrate supply (sucrose, UDP) and (ii) the conversion of end-products 
(fructose, UDPGlc). Starch synthesis represents the major carbon-utilizing process during tuber 
development, comprising approximately 50% of the incoming sucrose (Oparka et al., 1990; 
Merlo et al., 1993; Geigenberger et al., 1993 and 1994). Starch synthesis affects the net 
degradation flux through the Susy reaction by the withdrawal of hexose-phosphates from the 
hexose-P pool (chapter 3). Furthermore, it also affects the net rate of sucrose degradation in an 
indirect way by maintaining the supply of sucrose, as it will largely drive sucrose unloading 
via the maintenance of a sucrose gradient between phloem and parenchyma cells. Therefore, 
for starch-storing tissues, the overall levels of all the enzymes involved in the whole sequence 
of reactions of sucrose-starch conversion, need to be taken into account if one wants to make a 
prediction about the sink strength of the tissue. The (up)regulation of the level of these 
enzymes seems to be subject to carbohydrate modulation (except for PGI and possibly 
PGM)(Miiller-R6ber et al„ 1990; Fu et al., 1995; Koch 1996; Schaffer and Petreikov 1997; 
Herbers and Sonnewald 1998; Kanayama et al., 1998). This occurs presumably by sensing 
sucrose levels (Weber et al., 1998; Fig. 3B), although other (additional) mechanisms like 
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sensing sucrose influx or sensing the level of metabolites down-stream the metabolic pathways 
cannot be excluded. A major implication of such an (up)regulating mechanism could be that 
under conditions of sufficient assimilate production in the source tissues and a non-limiting, 
long-distance translocation, a basal level of enzymes involved in sucrose-starch conversion 
could be upregulated to a larger capacity by their own effect on sucrose unloading. This would 
automatically increase sink strength and, thereby, the further supply of sucrose. 
Susy-associated metabolic aspects in relation to tuber development and its filling with 
starch 
Sucrose cycling 
Except for the already discussed sugar-modulated effects on development and storage-
functioning, the sucrolytic switch occurring during stolon-to-tuber transition also implies 
differences at the level of metabolic regulation of the carbon flux through the sucrose pool. As 
previously mentioned, the reaction catalysed by all invertase isozymes is irreversible (Avigad 
1982) and not subject to a high degree of fine metabolic regulation (Stitt and Steup 1985; 
Kruger 1990). In contrast, the reaction catalysed by Susy is readily reversible in vivo and the 
net in-vivo flux catalysed by Susy will, therefore, depend on the concentration of sucrose 
entering the cell, and on the rate at which UDPGlc and fructose are used and UDP is recycled 
(Geigenberger and Stitt 1993). This offers the cell a mechanism of sucrose cycling (in which 
sucrose-phosphate synthase is also participating) to adjust the net rate of sucrose breakdown 
during tuber growth automatically to the supply of sucrose and the requirement for carbon in 
the biosynthetic and respiratory pathways in the cell (Dancer et al. 1990; Geigenberger and 
Stitt 1991 and 1993; Merlo et al. 1993). 
Regulation of the turgor 
The second main difference between invertases and Susy is the large difference in affinity 
for sucrose. Invertases have a high affinity for sucrose (Km = 7-15 mM; Avigad 1982). In 
contrast, the affinity of Susy in the presence of a small amount of fructose is in the range of 
250-500 mM, which is similar to the estimated concentration of sucrose in the phloem 
(Geigenberger and Stitt 1993 and references therein). The large difference between sucrose 
concentration in the phloem and the Km for sucrose of invertases implicates that high cytosolic 
invertase activity might inhibit sucrose movement into a (partly or largely) symplastically-
unloaded, growing tuber. This will be caused by the irreversible replacement of one sucrose 
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molecule by two osmotically active hexoses. If these hexoses accumulate in the cytosol, they 
will disrupt the turgor and water movement within the symplast (and between the symplast and 
apoplast, Geigenberger and Stitt 1993). Large accumulation of sucrose and hexoses in 
transgenic potato plants with a severely down-regulated AGPase activity in their tubers 
(Miiller-Rober et al., 1992) or with an introduced high pyrophosphatase activity targeted to the 
cytosol (Sonnewald 1992), resulted in an increased number of small tubers and a reduction of 
tuber yield. The substantial increases in the concentration of soluble sugars, which may have 
occurred in the cytosol, seem to have affected tuber development. Moreover, the transgenic 
alteration of a Susy predominated sucrose breakdown pathway into a cytosolic invertase 
dominated one (Sonnewald et al., 1997), resulted in an increased number of smaller tubers with 
an abnormal length and a large number of lenticels (Stitt and Sonnewald 1995). These latter 
observations clearly indicated that the short-circuiting of the reversible Susy route, by 
introduction of an invertase in the cytosol, had disrupted normal tuber growth (Stitt and 
Sonnewald 1995). The low-affinity reversible reaction catalysed by Susy, which will only 
degrade sucrose if, and as, required, is presumably more suitable for the coordination of the net 
rate of sucrose degradation with respect to the regulation of cell growth and turgor during the 
development of a (partly) symplastically-unloaded, strong-storage sink. 
Sucrose-modulated increase of sucrose-starch conversion 
Another aspect of the large difference in their affinity for sucrose between the two sucroly-
tic enzymes is that a Susy predominated sucrolytic system allows a higher cytosolic sucrose 
concentration than an invertase predominated system. Introduction of a yeast invertase in the 
apoplast of developing seeds of V. narbonensis, has led to the suggestion that starch accumula-
tion could be a function of sucrose concentration (Weber et al., 1998). Moreover, from this 
study it could even be speculated that a certain threshold value in sucrose concentration for its 
modulating action on gene-expression may exist. Just after the onset of tuberisation in field-
grown stolons, a steady increase in sucrose concentration (2.4-fold higher in tubers of 1.5 gr) in 
the tuberising subapical part can be observed, which is accompanied by a rapid increase in 
starch content (23-fold higher, Ross et a l , 1994). Moreover, during these very early stages of 
tuber development, a highly positive correlation was found between sucrose content and (i) the 
increasing activities of both enzymes Susy and FK (both r = 0.96) and (ii) with starch content, 
whereas acid and neutral invertase were negatively correlated with sucrose (r = -0.97 and -
0.99, respectively, Ross et al., 1994). These data are consistent with the view that Susy allows 
a higher sucrose level and that also in potato plants starch synthesis could be a function of 
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sucrose levels and/or sucrose influx. 
Sensing of sucrose influx as a possible mechanism in the modulation of sucrose-starch 
converting potential 
The induction of a strong storage-sink in the subapical stolon-region is accompanied with a 
decline in total acid invertase and in neutral invertase activities in the subtending stolon part 
(Ross et al, 1994). The decrease in hybridisation signal of the heterologous D. carota CWI 
probe in the non-tuberising parts in our in-vitro system suggests a similar decline in acid 
invertases (chapter 4). In the soil-grown stolons, the decrease in invertases is parallelled by an 
increase in sucrose content to approximately similar levels as observed in the tuber. In 
agreement with the argument presented above the starch content shows a rapid increase (Ross 
et al., 1994). However, although the sucrose content in the non-tuberising region almost equals 
the levels in the tuber, the extent of upregulation of sucrose-starch converting potential, as 
indicated by Susy and FK overall activities, is far less than observed in the tuberising region 
(Ross et al., 1994). Also in the in-vitro system the extent of upregulation of the respective 
enzymes is less in this region than in the young tuber (chapter 4). This difference might be 
explained by a lack of tuber-specific transcriptional (and/or translational) regulation in the non-
tuberising part. The observed increase of sucrose might also mainly be due to a rise in the 
phloem and not representative for concentration changes in the parenchymatic tissues. It has 
been shown that sucrose itself is able to induce the typical differentiation programme of 
storage-parenchyma cells in sucrose-fed young cotyledons of pea (Ambrose et al., 1987; Corke 
et al, 1990) and V. faba (Weber et al., 1996). From these observations, one might question if 
there exists a tuber-specific mechanism modulating the expression of starch-synthesis related 
genes in storage parenchyma cells. Therefore, another explanation would be that other 
mechanisms related to sucrose may play a role in the upregulation of these genes than sucrose 
content alone. This would be consistent with the lack of a clearly higher level of overall 
activity of Susy, FK, AGPase and starch phosphorylase between the 1%-sucrose treatment and 
the two 8%-sucrose treatments during stolon growth (day 1-4/5, chapters 2 and 4), whereas 
their sucrose levels show a very large difference in this period (Vreugdenhil et al., 1998). A 
possible mechanism might be that the rate and/or level of sucrose influx into the cells can be 
sensed and is transmitted as a modulating signal. In this view, the lack of a similar 
upregulation of sucrose-starch converting potential in the non-tuberising part and in the 
tuberising region could be caused by a more restricted unloading (and short-distance transport) 
capacity in the non-tuberising region. The onset of a strong sink in the subapical stolon region 
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may increase the concentration of sucrose in the phloem, which will enlarge the sucrose 
gradient between phloem and parenchyma cells in the non-tuberising zone, and thereby 
enhance the apoplastic unloading and sucrose content in these cells. But, the development of a 
symplastic unloading system in the tuberising region can be expected to create a larger and 
less-restricted capacity for sucrose uptake in developing tubers than present in the non-
tuberising stolon part. Interestingly, during the transition of the cell-division phase into the 
storage-associated differentiation phase in developing seeds of V. faba an effective sucrose 
transporter-transfer cell complex develops, which is able to sustain the rapid increase in 
freshweight and starch content of the maturating cotyledons (Weber et al., 1997). Such a 
proposed mechanism of sucrose-flux mediated induction and upregulation of sucrose-starch 
converting potential does not necessarily contradict the observed apparent sucrose-
concentration dependent upregulation. On the contrary, a coordination between these two 
mechanisms might even ensure that the extent of transcriptional (and/or translational) 
modulation is more directly adjusted to, and in proportion with, the level of substrate supply 
than if it would be on the basis of sucrose content alone. 
Metabolic regulation of sucrolysis during tuber growth 
Phosphorylation of fructose 
In the cycle of simultaneous sucrose synthesis and degradation, the net flux through the 
sucrose pool responds very sensitively to mechanisms modulating the unidirectional synthetic 
or degradation flux. One of the important factors in the metabolic control of the net rate of 
sucrose degradation is the cytosolic fructose content (Geigenberger et al., 1993). Fructose, one 
of the two endproducts of the Susy catalysed sucrose degradation, is a very effective inhibitor 
of this reaction (Dancer et al., 1990). Only a small cytosolic concentration of fructose is 
enough to give a large increase of the in vivo Km for sucrose (Geigenberger and Stitt 1993). 
After the onset of tuberisation the increase in FK activity, spatially and temporally tightly 
coordinated with Susy, downregulates the cytosolic fructose content in order to maintain a high 
Susy catalysed net flux of sucrose to phosphorylated hexoses during rapid tuber-growth (Fig. 
2; Ross et al., 1994; Viola 1996; chapters 2 and 4). 
The overall FK activity is in large excess relative to the metabolic fluxes occurring in growing 
potato tubers (Renz and Stitt 1993; Viola 1996). This difference may lead to accumulation of 
phosphorylated intermediates and depletion of inorganic Pi, important for e.g. ATP-synthesis 
(Renz and Stitt 1993). Moreover, as the Km for fructose (approximate lOOuM) of the two main 
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FK's in tubers is considerably lower than the Km for fructose (l-5mM) of Susy (Avigad 1982; 
Renz et al., 1993; Geigenberger and Stitt 1993), the Susy reaction could be rendered 
completely irreversible in the direction of degradation. To ensure the maintenance of a fully 
functional process of sucrose cycling during tuber development, and to prevent Pi-depletion, it 
seems obvious that the high overall FK activity is downregulated in vivo. Indeed, it has been 
reported that the overall FK activity in growing tubers appears to be highly regulated and that it 
may even catalyze a near rate-limiting reaction (Viola 1996). In vitro the two main isoforms of 
FK in growing tubers are susceptible to inhibition by physiological-relevant concentrations of 
fructose and Fru6P (Renz et al., 1993). Although it remains unclear if in growing tubers the 
cytosolic concentrations of these metabolites are actually in the range of reducing the overall 
activity of FK in line with the fluxes occurring in these tubers, the allosterical control of the 
main FK isoforms by these metabolites would provide an effective mechanism to restrict its 
overall activity. The importance of the regulation of the cytosolic fructose content as an 
integral part of the fine control of sucrose cycling, also seems to be indicated by the relative 
constancy of the low overall fructose content, when compared to the overall glucose content, 
(i) during very early tuber-growth in field-grown potato plants (Ross et al., 1994), (ii) found in 
individual growing tubers on a single plant (Merlo et al., 1993) and (iii) between small 
(approx. 1 gr) and large growing tubers (approx. 30 gr) harvested on different times (Renz and 
Stitt 1993). 
Fructokinase may represent an important, highly coordinated and regulated metabolic control 
point in the Susy-mediated sucrose-starch conversion during tuber growth (Viola 1996; 
Herbers and Sonnewald 1998; chapter 4), as also has been suggested for developing tomato 
fruits (Schaffer and Petreikov 1997). 
Conversion of UDPGlc 
Uridine-5-diphosphoglucose (UDPGlc) is the other reaction product of the sucrose 
breakdown reaction catalysed by Susy (Fig. 2). It represents an important branch point in the 
metabolic control of the process of sucrose cycling (Jellito et al., 1992). Like for fructose, rapid 
UDPGlc conversion is necessary in order to maintain a high net flux of sucrose degradation in 
developing tubers (Geigenberger and Stitt 1993). UDPGlucose is used as a precursor for the 
synthesis of cell wall components and for the synthesis of other UDP-sugars. Comparison of 
the activities of the different UDPGlc converting enzymes found in plant tissues suggests that 
UGPase, which catalyses a readily reversible reaction and converts UDPGlc with PPi into 
GlclP and UTP, is together with Susy (and to some extent SPS) the most important enzymatic 
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potential capable of converting UDPGlc (Kleczkowski 1994). The onset of tuberisation in 
field-grown stolons is accompanied with an increase in UGPase mRNA level (Zrenner et al., 
1993) and in overall UGPase activity (Sowokinos 1976). This tuber-related increase appears to 
be caused by the tuber-induced higher flux of incoming sucrose and the subsequent rise of 
sucrose content in the swelling tip of the stolon (chapter 2). A development-induced sugar-
modulated increase of UGPase does not occur in our in-vitro system (chapter 2), which is in 
sharp contrast to the development-related patterns of other storage-associated enzymes like 
Susy, FK, AGPase and Starch Phosphorylase (chapters 2 and 3). Instead, this enzyme reveals a 
large difference in overall activity between the 1%-sucrose treatment and the two 8%-sucrose 
treatments during the whole course of incubation, which has not been observed for the other 
enzymes (except PFP). In this period of culture the level of sucrose present in the two 8%-
sucrose conditions is much higher than in the 1%-sucrose condition (Vreugdenhil et al., 1998). 
Therefore, the most plausible explanation for this difference is that the level of UGPase can be 
upregulated by an increase in sucrose content alone without a substantial rise of sucrose influx. 
Observations on antisense UGPase potato plants, which show a reduction in their UGPase 
overall activity of 95-96% compared to untransformed wildtype tubers, but no significant 
change in freshweight, soluble sugar and starch content (Zrenner et al., 1993), suggest that the 
overall UGPase activity is in excess during tuber development. The lack of an appreciable 
change in overall activity after in-vitro tuber induction also implies that no further increase in 
the level of UDPGlc-converting potential is required to sustain the Susy-mediated net flux of 
carbon towards starch synthesis during tuber development. 
There is a large difference in the Km for UDPGlc between UGPase (Km = 0.12-0.14 mM) and 
Susy (Km = 1-2 mM) (Avigad 1982; Nakano et al., 1989; Sowokinos et al.. 1993). A similar 
difference in the Km for fructose between FK and Susy and the theoretical implications for the 
regulation of the irreversible FK activity have been discussed above. However, the reversible 
character of the UGPase catalysed reaction does not suggest the necessity of strict metabolic 
control of its activity, which is at least not contradictory to the results of kinetic studies on 
purified potato UGPase. According to these studies potato tuber UGPase does not appear to be 
subject to a high degree of fine control by its own reaction products or other metabolites 
(Nakano et al., 1989; Sowokinos et al., 1993; Kleczkowski 1994). Apparently, the rate and 
direction of the flux through the UGPase catalysed reaction is most likely affected by the 
cytosolic level of its reaction products (Kleczkowski 1994). This implicates that the regulation 
of the cytosolic levels of GlclP, PPi, and UTP have a direct influence on the cytosolic UDPGlc 
level and thus on the control of the direction and net rate of the flux through the Susy-catalysed 
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reaction and of the rate of sucrose synthesis by SPS. This is demonstrated by introduction of a 
bacterial pyrophosphatase in potato plants. The increased cytosolic pyrophosphatase activity in 
transformed growing tubers resulted in a twofold lower cytosolic PPi content, a threefold 
higher UDPGlc level and in a significant decrease of net sucrose degradation and of starch 
accumulation compared to wildtype tubers (Jelitto et al., 1992). It can be envisaged that the 
reversible UGPase reaction operates as an extension of the mechanism of sucrose cycling, 
allowing sucrose breakdown to respond in a sensitive way to the demand for growth and 
storage during tuber-growth. 
The enzyme PFP and its possible role in sucrose metabolism through hexose-P/triose-P 
cycling. 
The enzyme PFP, which catalyzes the readily reversible conversion of Fru6P into 
Frul,6bisP (Plaxton 1996; Fig. 2), is reported to catalyze a net glycolytic flux during tuber 
development (Hajirezaei et al., 1994). However, the coarse regulation of PFP differs from that 
of the enzymes involved in respiratory(-related) metabolism (chapter 3), implying that it does 
not operate as a strictly glycolytic enzyme. Like the enzyme UGPase, the level of PFP appears 
to be mainly controlled by the endogenous level of sugars (sucrose) in the developing stolons 
and tubers (chapter 3). Elevated levels of PFP enzyme-activity have also been found in 
sucrose-importing tissues of other plant species (Xu et al., 1989 and references therein; 
Hatzfeld et al, 1990; Botha et al., 1992 and references therein). PFP and UGPase have more 
features in common. Both enzymes are strictly cytosolic, catalyse a reversible reaction, which 
is close to equilibrium in vivo, and use both PPi as an energy-donor (Weiner et al., 1987; 
Geigenberger and Stitt 1993 and references therein; Geigenberger et al., 1993; Hajirezaei et 
al.,1994; Geigenberger et al., 1997). Moreover, they are also capable of converting the 
substrate of the sucrose-synthesizing enzyme SPS. Interestingly, the transcript levels of SPS 
show a large increase in transgenic tubers with severely reduced activities of AGPase (Miiller-
Rober et al., 1992). These transgenic tubers accumulate sucrose instead of starch and show no 
increase in transcript levels of the genes encoding Susy, GBSS or starch phosphorylase. 
Although speculative, the striking similarities between PFP and UGPase, with respect to coarse 
regulation, reversibility, energy donor and capability of converting the substrate of SPS, 
suggest that PFP could also play a role in the overall process of sucrose cycling in sink storage 
tissues. 
Increase of sucrose import and the net rate of sucrose degradation after the onset of tuberisation 
may easily lead to a rise of the cytosolic hexose-P content (ap Rees 1988; Tobias et al., 1992). 
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However, such a tuber-related increase does not occur in our in-vitro tuberisation system 
(chapter 3). Instead, the level of hexose-P's (and UDPGlc) decreases to a similar level as 
observed under non-tuberising conditions. During stolon-to-tuber transition in soil-grown 
potato plants a similar declining pattern of the overall level of hexose-P's (and UDPGlc) has 
been observed (Hajirezaei pers. com.)- The glycolytic intermediates (3-PGA, PEP) also show a 
decline, concomitant with the decrease in glycolytic potential (PFK, PK). But, in tuberising 
soil-grown stolons the hexose-P's (and UDPGlc) exhibited a much stronger decrease than 
triose-P's, resulting in a tuber-induced increase in the triose-P/hexose-P ratio (e.g. 3-PGA: 
hexose-P, increase from 0.11 to 0.2, Hajirezaei et al. pers. com.). There are indications that an 
increase of the cytosolic hexose-P pool (and of UDPGlc) will lead to a decrease in the net rate 
of sucrose degradation (Geigenberger et al., 1994; Hajirezaei et al., 1994) and as a consequence 
to a decrease in starch accumulation in growing tubers (Jelitto et al., 1992; Hajirezaei et al., 
1994; Zrenner et al., 1995). In this view a low cytosolic hexose-P pool might be a prerequisite 
in order to maintain a high, Susy-mediated, net rate of sucrose degradation during tuber-
development (chapter 3). 
It has been shown that in many non-photosynthetic plant tissues, including developing potato 
tubers, a rapid metabolic cycle exists between hexose-P's and triose-P's (Keeling et al., 1988; 
Hatzfeld and Stitt 1990, Viola et al., 1991), which can generate high concentrations of triose-
P's independent of the regulation of the net glycolytic flux to pyruvate (Hatzfeld et al., 1990). 
In this process of hexose-P/triose-P cycling the enzyme PFP is considered to be the regulating 
enzyme (Hatzfeld et al., 1990; Hajirezaei et al., 1994). This cycling allows the cell to respond 
sensitively to changes in the supply of carbon and to the demand of carbon for growth and 
respiration. Furthermore, due to the primarily "bottom-up" control of glycolysis (Plaxton 
1996), it also allows a large flux of carbon between the hexose-P and the triose-P pools, 
without any appreciable 'waste-ful' change in the rate of respiration (Hatzfeld et al., 1990; 
Burrell et al., 1994; Plaxton 1996). This ability could be an important regulating factor in the 
metabolic control of the net rate of sucrose degradation in growing tubers by its direct 
influence on the level of the cytosolic hexose-P pool. Support for this possible mechanism has 
been provided by observations made with transgenic growing tubers, which were strongly 
reduced in their PFP activity, and as a consequence, in their rate of hexose-P/triose-P cycling 
(Hajirezaei et al., 1994). These tubers showed an increase in the overall level of hexose-P's. 
They also showed an increase in the rate of sucrose resynthesis by SPS and a reduction in their 
starch content of approximately 30%, which might have been the result of a decline in the net 
rate of sucrose degradation (Jelitto et al., 1992; Hajirezaei et al., 1994; Zrenner et al., 1995). 
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An indirect support for the directing of hexose-P into glycolysis in order to lower the cytosolic 
pool is the tuber-specific increase in Frul,6bisP content during in-vitro tuber growth (chapter 
3). Such a change does not directly provide information about the fate of carbon entering 
glycolysis and of changes in the content of triose-phosphates. However, the respiratory(-
related) capacity shows a decline during the phase of successive tuber growth (chapter 3, see 
below). Therefore, the increase in Frul,6bisP may indicate that during the early events of 
tuberisation more carbon is directed into the glycolytic triose-P pool than required to sustain 
the net glycolytic flux. 
The sugar-modulated potential of hexose-P/triose-P cycling might represent an instrument for 
the cell to maintain a high net rate of Susy-mediated sucrose degradation in growing tubers. 
Not only by its apparent ability to affect the level of cytosolic hexose-P pool directly (Hajire-
zaei et al., 1994), but also indirectly by stimulation of starch synthesis through the allosteric 
regulation of AGPase via an increase of the 3PGA/Pi ratio (Sowokinos and Preiss 1982; 
Hajirezaei et al. 1994). At the same time, the simultaneous operation of hexose-P/triose-P 
cycling and of sucrose cycling allows the cells to adjust the flux of carbon in a highly sensitive 
way in response to changes in the supply of sucrose and the requirement for carbon in the 
biosynthetic and respiratory pathways (Dancer et al, 1990; Geigenberger and Stitt 1993; Merlo 
et al., 1993; Geigenberger et al., 1994). 
Respiratory(-related) metabolism and cytosolic invertase 
The onset of rapid cell division in the (sub)apical part of the tuberising stolon (Duncan and 
Ewing 1984; Xu et al., 1998) is accompanied by an increase in the potential of glycolysis and 
OPPP, presumably in response to a higher demand for energy and carbon-intermediates to 
sustain cellular proliferation (chapter 3). During the phase of successive tuber growth this 
capacity decreases in the in-vitro developing tubers and in field-grown tubers, indicating that 
the enlargement of the developing tuber and its filling with starch does not require an 
appreciable increase in respiratory metabolism (Hajirezaei pers. com.; chapter 3)(Fig. 2). 
Introduction of a yeast invertase in the cytosol of tubers resulted in higher activities of 
glycolytic enzymes and of an important enzyme in the TCA cycle (citrate synthase), indicating 
that the invertase-mediated hexose production affects the coarse regulation of the enzymes 
involved in respiratory(-related) metabolism (Trethewey et al., 1998). The endogenous 
cytosolic form of invertase has no considerable metabolic importance in the process of sucrose 
degradation and its fine control during normal tuber-growth (Morrell and ap Rees 1986; Ross 
et al., 1994; Zrenner et al., 1995; chapters 2 and 4). However, there are some observations 
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which argue for a possible role in growing tubers, most likely at the level of (partly) regulating 
the respiratory(-related) metabolism during the Susy-mediated sucrose-starch conversion. The 
level of cytosolic invertase activity in stolons is 6-fold lower in comparison with total acid 
invertase activity (Ross et al., 1994). However, during very early tuber development it does not 
decline to the same extent as total acid invertase activity does (Ross et al., 1994). Furthermore, 
in the later stages of tuber growth its level remains at least 4 to 7-fold higher than the activity 
of soluble acid invertase (Merlo et al., 1993; Geigenberger and Stitt 1993; Geigenberger et al., 
1994; Zrenner et al., 1995). The second observation is that in growing tubers an increase in the 
cytosolic invertase activity can be observed along the basal-apical axis (ca 30-50%), while the 
soluble acid invertase remains unaltered on a lower level along this axis (Merlo et al., 1993). 
Cytosolic invertase reaches its highest activity in the apical region of the tuber, which has the 
highest rate of sucrose import and mobilisation, starch synthesis and presumably cellular 
growth (Reeve et al., 1973; Mares and Marschner 1980; Merlo et al., 1993). Along the same 
basal-apical axis of growing tubers a gradient in glycolytic potential and presumably in 
glycolytic flux can be observed (Merlo et al., 1993). The enzyme PK shows a small but 
consistent upward trend of overall activity from the middle part to the apical region in growing 
tubers (ca 25-30%). At the same time, the PEP/pyruvate ratio decreases, which is indicative for 
an increasing further activation of the terminal reactions of glycolysis (Merlo et al., 1993; 
Hatzfeld and Stitt 1991). These correlations and the observations made with transgenic 
invertase tubers imply an involvement in the coarse regulation of the respiratory(-related) 
enzymes for neutral, cytosolic invertase during tuber development. 
Respiratory(-related) metabolism and Pyrophosphate metabolism 
Observations on transgenic potato tubers expressing a bacterial APPase in the cytosol, 
reveal an inverse relation between cytosolic PPi-hydrolytic potential and PPi content (Jelitto et 
al., 1992; Geigenberger et al., 1998). The decline in overall APPase activity after the initial 
stage of tuberisation onset (chapters 3 and 4), supports and allows, therefore, in an indirect way 
sucrose degradation via the Susy-mediated, PPi-dependent reversible pathway (Jelitto et al., 
1992; Sonnewald 1992; Stitt 1998; chapter 4). Furthermore, the supposed increase in cytosolic 
PPi-content may also be a prerequisite to sustain the high rate of hexose-P/triose-P cycling 
during tuber development (Hajirezaei et al., 1994). These pathways involving Susy, UGPase, 
PGI, PGM and PFP give growing storage cells a large metabolic flexibility in adjusting the 
carbon flux to changes in supply and demand for carbon (Dancer et al., 1990; Geigenberger 
and Stitt 1993; Merlo et al., 1993; Geigenberger et al., 1994). In this view the decline of PPi-
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hydrolytic potential could contribute to the establishment of a functional, flexible metabolic 
apparatus during stolon-to-tuber transition (Stitt 1998). 
For stolons, it can be expected that hexose-P will mainly enter glycolysis by the activity of 
PFK, whereas the contribution of PFP in the catalysis of this entry step will probably be of 
minor importance, as will become clear from the following. As already discussed, the coarse 
regulation of PFP appears, like UGPase, to be subject to endogenous sugar (sucrose) levels, 
implying that PFP, in analogy with UGPase, will have a much lower level of activity in soil-
grown stolons than in tubers (Zrenner et al., 1993; Ross et al., 1994; chapter 2). In contrast, the 
activity of PFK is higher in rapidly growing cells of stolons than in the starch-accumulating 
cells during tuber growth (chapter 3, Hajirezaei pers. com.). Furthermore, the enzyme PFP is 
known to be activated by the regulator metabolite Fru2,6bisP (Stitt 1990), which acts by 
increasing the affinities for the substrates Fru6P and Frul,6bisP. Fru2,6bisP tends to rise when 
hexose-P's are high (Stitt 1990). The enzyme PFP has a high affinity for PPi and Pi, but PPi is 
a powerful inhibitor of the reverse reaction, acting competitively with Frul,6bisP, whereas Pi 
is a strong non-competitive inhibitor of the forward (glycolytic) reaction. In addition, Pi is a 
powerful antagonist of Fru2,6bisP (Stitt 1990). Therefore, under conditions of a high 
(cytosolic) PPi-hydrolytic potential and a large biosynthetic supply of PPi, as occurring in 
stolons, one may assume an inhibition of the glycolytic reaction of PFP by the low PPi:Pi ratio 
(decrease PPi:Pi ratio see Jelitto et al., 1992; Geigenberger et al., 1998), even when the 
Fru2,6bisP levels would be enhanced. 
The differences in the catalysis of sucrose degradation and of the entry-point of glycolysis 
between stolons and tubers imply that directing sucrose into glycolysis will probably require 
more energy in elongating stolons than in developing tubers, (i) The conversion of sucrose into 
hexose-P by invertase and the ATP-dependent phosphorylation of the resulting fructose and 
glucose costs two molecules of ATP, while the same conversion by Susy, UGPase and FK 
costs only one net PPi (the UTP formed in the reverse reaction of UGPase can be converted to 
ATP by a cytoplasmic nucleoside-5-diphosphate kinase [Dancer et al., 1990b]). (ii) The 
conversion of hexose-P into two triose-P in growing stolons, which is most likely mediated by 
the activity of PFK, costs one ATP, while the same conversion in developing tubers by the net 
glycolytic flux through PFP (Hajirezaei et al.,1994) requires one PPi. In stolons the rapid 
hydrolysis of PPi by the supposed cytosolic APPase results in a loss of the energy preserved in 
the phosphodiester-bond of this molecule, although there are indications that this energy could 
be conserved in the form of a transmembrane protongradient by the activity of the tonoplast-
bound pyrophosphatase (Nakanishi and Maeshima 1998; Stitt 1998). But, the PPi-recycling 
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metabolic system in developing tubers can conserve the amount of energy, equivalent to the 
four ATP required for the conversion of one sucrose into four triose-P in stolons. Whether this 
tuberisation-related use of PPi for sucrose-triose-P conversion makes an important contribution 
for the regulation of energy status during tuber growth is unknown. But the PPi-dependent 
route could greatly decrease the ATP requirement when sucrose is converted to starch or cell 
wall components (Stitt 1998). As starch synthesis in growing tubers can comprise up to 50 % 
of the incoming sucrose (Merlo et al., 1993 and references therein; Geigenberger et al., 1994), 
it might, therefore, partly allow and contribute to the observed decrease in respiratory(-related) 
metabolic potential (chapter 3; Stitt 1998). Furthermore, the ATP-conserving system in 
developing tubers might improve plant cell performance under hypoxic/anaerobic conditions 
(Stitt 1998), which are more likely to occur in the radial growing tubers with a large volume, 
than in the elongating stolons with a much higher surface:volume ratio during their whole 
period of growth. 
Plastidial Carbohydrate Metabolism 
Starch synthesis and source-sink interaction 
The major determinant of sink activity in developing potato tubers, as well as for many 
other crop plants, is the plastidial biosynthesis of starch (Muller-Rober et al., 1992; Willmitzer 
et al., 1994). As stated above, developing tubers store up to 50 % of the imported sucrose in the 
form of starch. Starch synthesis represents the main driving force for sucrose unloading (sink 
strength) in developing tubers. Like for Susy, FK and AGPase, the transcriptional regulation of 
the genes encoding starch-synthetic (or degrading) enzymes appears also to be subject to sugar-
modulation (Visser et al., 1991; Kossmann et al., 1991; Koch 1996; St-Pierre and Brisson, 
1996), allowing a sucrose-influx and/or sucrose-content dependent further upregulation of 
starch synthesis, sink strength and sucrose import. An enhancement of starch biosynthesis 
through genetic manipulation resulted in an increase of starch amount in the transgenic tubers 
(Stark et al., 1992). According to the authors, this increase in starch level demonstrated that a 
direct alteration of this process affects the rate of carbon import. But the authors did not report 
whether an increase in total tuber-biomass production had occurred. Furthermore, they also did 
not show whether, and to what extent, the supposed higher import rate needed to be sustained 
by an enhancement in photosynthetic rate, loading and long-distance transport of sucrose. 
There are several studies which have shown that the rate and duration of photosynthesis in the 
leaf tissue and the ability of the storage tissue to convert photosynthate might be related 
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(Nasyrov 1978; Ewart 1986). Moreover, for potato plants an enhancement of CO2 assimilation 
in the leaves and increase in transport of photosynthate to the developing storage-organs upon 
induction of tuberisation has been observed (van Es and Hartmans 1987). The latter study 
supports that in wild type potato plants the sugar-modulated upregulation of the starch-
synthetic apparatus, and subsequently sugar import, is accompanied by alterations in the 
sucrose production in the source. These tuberisation-induced alterations in source capacity may 
be mediated via a reduction in leaf sucrose pools caused by the increased sink-demand for 
photosynthate. The decline in sucrose levels will subsequently increase the expression of 
sugar-downregulated genes encoding for photosynthetic components (Krapp et al., 1993; Jang 
and Sheen 1994; Sweetlove et al., 1998). 
Transport ofhexose-P across the amyloplast membrane 
Plastids are a site for the synthesis of starch, lipids and amino acids (Trimming and Ernes 
1993 and references therein). These organelles are individually capable of synthesising all 
three classes of compounds, but the balance between these activities varies with the species, 
organ, and developmental stage. To maintain these biosynthetic processes, plastids depend 
metabolically on the supply of carbon compounds and presumably of ATP (Schott et al., 
1995). Experiments, investigating the randomization of label of hexose, indicated that hexose 
units are taken up into the plastids as the precursor for starch (Keeling et al., 1988; Hatzfeld 
and Stitt, 1990; Viola et al., 1991; Hajirezaei et al., 1994). The observations made in these 
experiments are in agreement with the lack of significant FBPase-activity (and PFP) in the 
amyloplasts of several species, including potato tubers (Entwistle and ap Rees, 1990). For 
tuber amyloplasts there is still some debate whether hexose units are imported as GlclP 
(Kosegarten and Mengel 1994; Naeem et al., 1997) or Glc6P (Schott et al., 1995). Kosegarten 
and Mengel (1994) found a clear time-dependent uptake of GlclP into isolated amyloplasts of 
potato suspension-cultured cells. However, the uptake was high at pH 5.7, whereas at pH 7.4 it 
was only slightly higher than the aspecific adsorption. In contrast, transport measurements of 
radio-actively labelled inorganic Pi into preloaded liposomes, reconstituted from solubilized 
amyloplasts of developing antisense AGPase potato tubers, revealed that at pH 8.0 the 
exchange with Pi is highly specific for Glc6P and the transport of GlclP is only slightly above 
the control value (Schott et al., 1995). Consistent with the latter is the finding that preloaded 
amyloplasts of potato cell suspension cultures did not release labelled Pi when treated with 
GlclP (Kosegarten and Mengel 1994). This experiment suggests that GlclP uptake in the 
potato plastids is not a translocating process based on the principle of counter exchange 
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between Pi, DHAP, Glc6P, 3PGA, and PEP, as the plastidic import (or export) of Glc6P seems 
to be (Borchert et al., 1993; Mohlmann et al., 1995; Schott et al., 1995). This assumption is 
supported by the demonstration of GlclP import into isolated amyloplasts from cauliflower 
buds, which also appears to be independent of the preloading of the plastid with potential 
counter-exchange substrates (Mohlmann et al., 1995). Since the cytosol has apH of 7.0 to 7.5, 
one may question whether the highly pH-dependent uptake of GlclP (pH 5.7) is 
physiologically significant. However, deviations from the cytosolic pH may well occur at 
microsites. For instance, proton pumps located in the inner envelope membrane (Harinasut et 
al., 1988) could acidify the intermembrane space of amyloplasts and thus provide more 
favourable pH conditions for the uptake of GlclP. Therefore, it seems that in potato tubers at 
least Glc6P is translocated across the amyloplast membrane by counter-exchange and that the 
transport of GlclP via another specific hexose-phosphate transport system might be 
physiologically relevant and cannot be ruled out (Fig. 2). This view would be consistent with 
the capacity to transport both hexose-P's across the plastid membrane as observed for isolated 
amyloplasts from maize endosperm (Neuhaus et al., 1993), soybean cell suspension cultures 
(Coates and ap Rees 1994), developing wheat endosperm (Tetlow et al., 1994 and 1996) and 
cauliflower buds (Mohlmann et al., 1995). 
Glycolysis and Oxidative Pentose-Phosphate Pathway 
Plastids of non-photosynthetic plant tissues may contain a complete set of glycolytic and/or 
oxidative pentose phosphate pathway-related enzymes (ap Rees 1985; Denyer and Smith 1988; 
Entwistle and ap Rees 1988; Kang and Rawsthorne 1994; Hartwell et al., 1996). Hexose-
phosphates imported into the amyloplast may enter plastidial glycolysis yielding pyruvate, 
NADH and ATP. In the presence of an active pyruvate-dehydrogenase complex, the pyruvate 
generated in the plastid could be used for the synthesis of fatty acids (Smith et al., 1992; Kang 
and Rawsthorne 1994). The other main product of plastidial glycolysis, ATP, might be 
required for the synthesis of starch and fatty acids (Mohlmann et al., 1994). The function of the 
OPPP, when fully operational in the amyloplast, is the provision of reducing equivalents 
(NADPH). These reducing equivalents can be used in heterotrophic plastids for the synthesis 
of fatty acids, the reduction of nitrite or are needed for the synthesis of glutamate (Bowsher et 
al, 1992; Borchert et al., 1993; Kang and Rawsthorne 1994; Tetlow et al., 1994). Both 
enzymes involved in the latter two processes, nitrite reductase and glutamate synthase, seems 
to be present in the amyloplast of potato tubers (Mohabir and John, 1988; Schott et al., 1995). 
Furthermore, the non-oxidative part of the OPPP produces besides Fru6P, erythrose-4-
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phosphate, which can serve as a substrate for the shikimate pathway leading to aromatic amino 
acids. But erythrose-4-P may also be converted into DHAP and further oxidised in the 
plastidial glycolysis or reduced to glycerol-3-P and used for lipid synthesis (Kosegarten and 
Mengel, 1994). 
The patterns of declining overall activities of PFK, PGI, PK and 6PGDH during successive 
tuber growth (day 7-10, chapter 3), do not suggest a large increase of the contribution of the 
plastidic forms of these enzymes to the total activity, after the onset of tuberisation. Tuber 
initiation in our system is accompanied with a rapid accumulation of starch (Visser et al., 1994; 
Vreugdenhil et al., 1998), which presumably reflects an increase of the average number of 
amyloplasts per cell in the starch-storing tissue. The structure growing at 1% sucrose contains 
hardly any starch during the whole incubation-period implying a low number of amyloplasts 
(Vreugdenhil et al., 1998). Therefore, it is reasonable to assume that the plastidic level of 
enzyme-activity in the 1%-sucrose condition can only form a small contribution to the total 
activity. The level of starch in the other non-tuberising structure remained fairly unaltered after 
day 2. The absence of a clear increase in the small difference in overall activity of PFK, PGI, 
PK and 6PGDH between the tuberising and the two non-tuberising conditions during the 
period of tuber-growth (chapter 3), supports the view that tuber development is not 
accompanied with an appreciable increase in the plastidic potential of the glycolysis and OPP-
pathway. The possibility of a very low tuberisation-related increase, camouflaged by the 
decline of the cytosolic potential, cannot be fully excluded. 
As already mentioned the glycolytic pathway in the amyloplast could be involved in the 
provision of ATP to support starch and fatty acid synthesis (Mohlmann et al., 1994). However, 
most isolated plastids analysed so far, even those that seem to have a complete and active 
glycolytic pathway, are strongly dependent on exogenously supplied ATP to support hexose-P 
driven starch synthesis and precursor-driven fatty-acid synthesis (Entwistle and ap Rees 1988; 
Neuhaus et al., 1993 and 1993b; Coates and ap Rees 1994; Mohlmann et al., 1994; Tetlow et 
al., 1994; Kang and Rawsthorne 1994 and 1996). This observation implies that the generation 
of ATP via glycolysis (if occurring) cannot be considered as very important, in comparison 
with the plastidic ability to import ATP from the cytosol. Recently, a cDNA corresponding to a 
plastidic ATP/ADP-transporter has been isolated from potato plants (Tjaden et al., 1998). The 
mRNA level of the corresponding gene accumulates most strongly in growing tubers, which 
suggests that the extraplastidial supply of ATP for amyloplasts is important for starch synthesis 
and possibly also for other anabolic routes. Indeed, the observation that altered ATP/ADP 
transporting activities, realised by reverse genetics (sense and antisense), correlated with the 
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changes in starch content (from 50%-135% of wild type), confirms that the rates of ATP 
synthesis via plastidial glycolysis in tuber amyloplasts is not sufficient to sustain the wildtype 
rates of anabolic reactions in this organelle (Tjaden et al., 1998). 
Heterotrophic plastids have also been shown to have the ability of direct import of cytosolic 
precursors for fatty-acid synthesis and the shikimate pathway (PEP, pyruvate, malate and 
acetate; Borchert et al., 1993; Kang and Rawsthorne 1994 and references therein; Schott et al., 
1995). This ability may easily function as an alternative for the glycolytic conversion of 
carbohydrates into substrates. Furthermore, the possibility of an active pyruvate dehydrogenase 
complex and NAD-malate dehydrogenase activity within heterotrophic plastids, including 
amyloplasts, could replace the NADH-generating function of glycolysis (Neuhaus et al., 
1993b; Trimming and Ernes 1993 and references therein; Kang and Rawsthorne 1994). 
A negative coupling between starch synthesis and the NADPH-demanding fatty-acid or 
glutamate synthesis, suggesting competition, has been reported for amyloplasts from floral 
buds of caulifower and developing endosperm of wheat, respectively (Mohlmann et al., 1994; 
Tetlow et al., 1994). Wrinkled-seeded pea embryos are characterized by a mutation of the r-
locus, leading to a lower starch content as a result of a reduced capacity for starch synthesis. 
The observation of significantly increased levels of both storage and structural lipids in these 
mutants seems to support the occurrence of competition between different carbohydrate-
utilising pathways within amyloplasts (Bettey and Smith 1990). The competition may 
presumably take place at the level of available carbohydrates for starch synthesis or NADPH-
generating OPPP (Tetlow et al., 1994), or at the level of ATP present in the stroma (Mohlmann 
et al., 1994). Irrespective at which level the competition may occur, it presumably reflects a 
low rate of OPPP activity, when the rate of starch synthesis is high. Therefore, based on the 
rapid, massive accumulation of starch after the onset of tuberisation (Sowokinos 1976; Ross et 
al., 1994; Visser et al., 1994), a low rate of metabolic activity of the plastidial OPPP can be 
expected during the period of tuber growth. This assumption is consistent with the observed 
pattern of overall 6PGDH activity in the tuberising system, in comparison with the patterns in 
the two other non-tuberising conditions (chapter 3), most likely reflecting the absence of an 
appreciable increase in plastidial OPPP-potential in growing tubers. 
Starch synthesis, a process of simultaneous synthesis and degradation 
The substrate for the synthesis of starch, ADPGlc, is delivered by the enzyme AGPase 
catalyzing the ATP-dependent reversible conversion of GlclP into ADPGlc and PPi. In 
contrast to cereal storage tissues, such as maize or barley endosperm, which have a cytosolic 
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AGPase (Denyer et al., 1996; Thorbjornsen et al., 1996), the location of AGPase in potato 
tubers is exclusively confined to the amyloplastic stroma (Villand and Kleczkowski 1994 and 
references therein; Ernes and Neuhaus 1997). After the onset of tuberisation this enzyme shows 
a rapid increase in overall activity (Sowokinos 1976; chapter 3), which is accompanied by a 
correlated rise in starch content (Ross et al., 1994; Visser et al., 1994; Vreugdenhil et al., 
1998). In the process of sucrose-starch conversion in developing tubers, the enzyme AGPase 
contributes to a major extent to the total flux control (Muller-Rober et al., 1992; Stark et al., 
1992). Genetic alteration of the activity of a plastidic ATP/ADP-transporter activity in potato 
plants indicated that also this transporter exerts a considerable control on the flux of carbon 
towards starch synthesis (Tjaden et al., 1998). The reversible reaction of AGPase is driven in 
the ADPGlc-synthesising direction by the hydrolysis of the byproduct PPi catalysed by the 
plastidial form of APPase (Gross and ap Rees 1986; Weiner et al., 1987; Stitt 1998). During 
tuber development the overall APPase activity declines (chapter 3). These data have been 
interpreted as the result of a decline in a supposed cytosolic form, which could camouflage a 
rise of the plastidic potential if the cytosolic form constitutes the majority of overall APPase 
activity during early tuber-development. 
Recently it has become clear that starch synthesis is very likely the net result of a process of 
simultaneous synthesis and degradation (Pozueta-Romero and Akazawa 1993; Geigenberger et 
al., 1994; Neuhaus et al., 1995; Sweetlove et al., 1996). Two possible routes of starch 
degradation may participate in this process of starch cycling (Neuhaus et al., 1995). The first 
one might be catalyzed by the reversible enzyme starch phosphorylase, which shows a 
tuberisation-related increase in overall activity (chapter 3). The second route of starch 
degradation includes the hydrolysis of starch by amylase, followed by phosphorylation of the 
released glucose and the subsequent conversion into GlclP via the reversible reaction of PGM 
(Neuhaus et al., 1995)(Fig. 2). Transgenic potato tubers, which were reduced in their overall 
amylase-activity, showed significantly smaller amyloplasts as compared with untransformed 
wild-type tubers (van der Wal and Visser, unpubl. results). A possible explanation for this 
unexpected result might be that correct packaging of starch during amyloplast 'growth' is 
hampered by the lack of starch-degrading activities. These observations indicate the 
importance of this (second) degradation-route as an integral part of the process of starch 
synthesis in amyloplasts. The recycling of starch would require new import of phosphorylated 
glucose or phosphorylation of the released glucose by a HK localized in the plastid. Whether 
the amyloplasts of potato tubers contain any HK activity is unknown. The significant 
tuberisation-specific increase of overall HK activity observed in our in-vitro system is, 
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however, in agreement with its role in starch cycling during tuber development (chapter 2). 
The third enzyme involved in this starch-degradation route, PGM, catalyses the reversible 
conversion of the phosphorylation product Glc6P into the AGPase substrate GlclP. The 
tuberisation-specific pattern of overall PGM-activity, which does not correspond to 
respiratory(-related) metabolism (chapter 3), may still be due to a cytosolic form, but it also 
corresponds to a presumed rise of the plastidial Glc6P-converting potential, required for starch 
cycling. Furthermore, data about the content of GlclP, Glc6P and UDPGlc suggest that the 
reaction catalysed by this plastidic form of PGM would be appreciably displaced in the 
direction of GlclP, the substrate for AGPase (chapter 3). A similar suggestion has been made 
for the PGM of soybean amyloplasts (Coates and ap Rees 1994). 
Concluding remarks 
In stolons apoplastic sucrose-hexose conversion, carrier-mediated uptake of hexoses and 
cytosolic hexose-phosphorylation appear to play an important role in the coordination and 
regulation of growth and heterotrophic metabolism at the molecular and biochemical level. 
Further research with respect to the regulation of these processes is required to provide insight 
in the complex network of processes determining sink strength (substrate supply), sink 
metabolism (control fluxes) and cellular proliferation (cell cycle activation and progression) in 
these apoplastically-supplied elongating organs. 
The sucrolytic switch during stolon-to-tuber transition forms a central and important step in the 
differentiation process of starch-storing tubers. It provides growing tubers a flexible, metabolic 
apparatus in which the rate of carbon flux can be adjusted to the supply of sucrose and the 
demand for carbon in biosynthetic and respiratory pathways, and it allows the net rate of 
sucrose degradation to be coordinated with the regulation of the turgor and development of the 
tuber. In addition, this tuberisation-related switch in sucrose metabolism allows metabolic 
upregulation of the sucrose-starch converting potential at the molecular level, which affects 
directly the sink strength of developing tubers. In the future, research should aim at the 
elucidation of the nature of sucrose-modulating mechanisms and transducing pathways, which 
induce and coordinate storage cell differentiation and storage-metabolism. Furthermore, factors 
initiating and regulating the development of the symplastic unloading system in potato tubers 
should be included in this research. 
Fig. 1 Schematic drawing of carbohydrate metabolism in developing stolons. Sucrose unloading, degradation 
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and in (B) extending, maturing cells below the mitotically active region. The thickness of the lines reflects the 
relative rates of carbon fluxes through the reactions or translocations across membranes. To keep the figure 
relatively simple only the main differences have been shown. The possibility of a low rate of sucrose import in 
dividing cells (A), a low rate of sucrose resynthesis in both cell types (A and B), and the occurrence of a low rate 
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Fig. 2 Schematic drawing of sucrose unloading, degradation and subsequent metabolisation of degradation 
products in storage parenchyma cells of a growing tuber. The thickness of the lines reflects the (relative) 
difference in the rate of carbon fluxes through the respective reactions or translocations across membranes. To 
keep the figure relatively simple only the main differences with the stolon have been shown. Sucrose resynthesis 
by the activity of SPS (and SPP) in tubers has not been shown. A low rate of sucrose degradation by cytosolic 
invertase and the starch synthesising or degradation route by STP have also not been included. 
Fig. 3 Schematic drawing of carbohydrate-modulated changes in gene-expression in (A) stolons and (B) tubers. 
(A) Sucrose in the stolon is apoplastically unloaded and hydrolysed by CWI. The resulting hexoses are 
transported across the membrane and further metabolised after phosphorylation (solid/closed lines). The transport 
of hexose (glucose) across the membrane, the phosphorylation by HK and/or the hexose concentration may 
represent alternative sites where signal-transduction pathways can be induced (hatched lines). The hexose 
(glucose) induction may lead to the modulation of the transcription (and/or the translation) of genes encoding 
CWI, HK, respiratory(-related) enzymes and proteins involved in the regulation of cell division (+). (B) In tubers 
sucrose is symplastically unloaded and presumably also apoplastically. Products of sucrose metabolism are in 
tubers mainly stored as starch. Symplastic sucrose influx, sucrose transport across the membrane and the sucrose 
concentration may represent alternative sites where signal-transduction pathways can be induced, leading to the 
modulation of genes encoding proteins involved in storage cell differentiation, sucrose degradation and the 
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The potato tuber is a vegetative storage organ, which is initiated at the tip of an underground 
diagravitropic growing stem, called a stolon. The process of tuber formation comprises the 
induction, initiation and growth of a stolon, cessation of the longitudinal growth of the stolon, 
followed by the induction, initiation and growth of the tuber. Tuber initiation is characterized 
by swelling of the stolon tip. The formation of tubers is accompanied by a large accumulation 
of starch and of a specific set of storage proteins. How these major changes in carbohydrate 
metabolism interact and are coordinated with the developmental process of tuber formation is 
an important question from a fundamental point of view, not only for potato tubers, but also for 
the formation of starch-accumulating plant tissues in general. When a potato plant has started 
to form tubers, in principle all stolons present on the plant can be induced to initiate this 
developmental programme. However, this does not occur synchronously, creating problems for 
research as it is not possible to select externally those stolons, which are going to tuberize. 
Another problem is that the different developmental stages on one plant can influence each 
other. Therefore, for our research of tuberisation-related changes in carbohydrate metabolism, 
we have used a highly synchronous in vitro tuberisation system, providing plant material in 
well-defined developmental stages, which are not influenced by each other. 
Sucrose is the starting point of carbohydrate metabolism in growing stolons and tubers. It is 
synthesised in the leaves (source organs) and transported towards the underground parts via the 
phloem. When it arrives in a growing stolon it is most likely unloaded in an apoplastic way. In 
the apical region of the stolon a high invertase activity is present, which can be attributed to the 
cell wall-bound form (CWI). This apoplastic invertase isoform hydrolyses sucrose, resulting in 
the presence of glucose and fructose in the apoplast. The hydrolysis of sucrose steepens the 
sucrose gradient between phloem and the recipient cells, which is thought to play an important 
role in driving the unloading and short-distance transport of sucrose in apoplastically-supplied 
tissues. After the hexoses have entered the cells, they can be fed into carbohydrate metabolism 
by the activity of specific phosphorylating enzymes. During stolon growth, one of these 
enzymes, hexokinase (HK), shows a high correlation with CWI at the level of overall activity, 
suggesting a coordinated coarse control between these two enzymes. Furthermore, localisation 
of HK by specific enzyme activity staining showed, like CWI, a high activity in the apical 
region of the stolon. In this particular region of the stolon cell divisions occur. Therefore, the 
predominance of these two enzymes in this region in comparison with the rest of the stolon 
106 
Summary 
suggests a functional link with cell division. 
Cellular growth is sustained by a high flux of carbon through the respiratory(-related) pathways 
producing energy in the form of ATP, NAD(P)H, and carbon intermediates for important 
anabolic routes, such as the synthesis of DNA, RNA, proteins, lipids and cell wall-components. 
Measurements of activity of the main enzymes involved in glycolysis and the oxidative 
pentose phosphate pathway (OPPP) indicated that the extra demand for energy and carbon 
intermediates by dividing cells is accompanied with an elevated activity of these enzymes. 
Furthermore, from the patterns of activity of these enzymes it could be deduced that they are 
probably subject to a coordinated coarse control. Such a coordinated control mechanism may 
regulate the potential of respiratory(-related) pathways in response to the demand for their 
products. The high activities of CWI and HK in the mitotic-active region could ensure that 
sufficient carbon is directed into the respiratory(-related) pathways by enhancing the flow of 
carbon towards the dividing cells and by rapid conversion of sucrose into hexose-phosphates, 
the substrates for glycolysis and OPPP. In addition, these two enzymes may also be involved in 
the process of glucose-sensing, which is thought to mediate the transcriptional (and/or 
translational) regulation of genes involved in cell division. Interestingly, during stolon growth 
the enzyme alkaline pyrophosphatase (APPase) shows a similar pattern of overall activity as 
the main enzymes involved in glycolysis and OPPP. Moreover, in situ hybridisation with a 
RNA probe derived from a potato APPase revealed a clear presence of the corresponding 
transcript in all stolon tissues. This particular isoform has been proposed to be localised in the 
cytosol, which is in agreement with its temporal and spatial pattern of expression and with the 
pattern of overall APPase activity during stolon-to-tuber transition. In the dividing cells the 
biosynthesis of cell components produces a large amount of PPi, which is the substrate of this 
enzyme. Rapid conversion of PPi by a cytosolic APPase or another enzyme (e.g. tonoplast 
bound pyrophosphatase) is required to drive the biosynthetic reactions in the synthetic 
direction. The Pi released by this activity may serve as a metabolic pool of Pi for the 
conversion of ADP into ATP. In this way the observed apparent coordination between level of 
APPase activity and of respiratory(-related) pathways could be explained. 
When the cells have left the cell cycle and are no longer involved in cell division, their main 
cellular activity comprises enlargement, which continues until the cells are fully elongated and 
mature. In the region just below the apical part of the stolon, where cell divisions no longer 
occur, less invertase and HK staining is present. The reduction in the levels of activity of CWI 
and HK in this region, can also be deduced from their patterns of overall activity during stolon 
growth. The activity of a soluble vacuolar invertase, however, does not decrease but remains 
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rather constant throughout the whole growing stolon. In these elongating parts of the stolon the 
combined activity of the soluble invertases will establish the sink strength, i.e. the capacity to 
draw sucrose from the phloem. Besides this function in maintaining a sucrose gradient between 
phloem and elongating cells and allowing sucrose to enter carbohydrate metabolism, the 
vacuolar invertase may also be involved in the process of cell elongation. Cell elongation is 
mechanistically driven by enlargement of the vacuole, which depends on the osmotic pressure 
of the vacuole. The hydrolysis of one osmotically-active molecule into two by the activity of 
this vacuolar isoform will enhance the osmotic pressure and the water influx into the vacuole. 
The elongation zone of the stolon probably has a lower requirement for energy and carbon 
intermediates in order to sustain the cellular growth than the mitotically active apical region, 
which is reflected by the decline in the overall activity of enzymes involved in glycolysis and 
OPPP during the period of consecutive stolon growth in our in vitro system. 
Tuber initiation is accompanied by a clear change in the patterns of several enzymes. In situ 
hybridisation revealed that the transcripts corresponding to the acid invertases progressively 
disappear from the parenchymatic tissues of the tuber. As a result, the overall activities of these 
two isoforms declined to very low levels, which was also indicated by the in situ activity 
staining. In contrast, the enzyme sucrose synthase (Susy) increases rapidly to high levels in the 
parenchymatic tissues of the initiated tuber as indicated by the in situ analysis at mRNA level 
and activity level and by overall activity measurements. This developmental change in the 
sucrose-degrading pathway is clearly associated with tuberisation and the onset of massive 
starch accumulation as it was absent in the two non-tuberising controls. Sucrose synthase 
catalyses in vivo a reversible, low-affinity reaction, which is subject to a high degree of 
metabolic regulation. Sucrose degradation by invertases is irreversible, not subject to metabolic 
regulation, and it occurs already at a low sucrose level. These differences between the two 
different sucrolytic pathways make the Susy-catalysed pathway probably more suitable than 
invertases for the complex regulation of sucrose degradation in coordination with tuber growth, 
symplastic sucrose unloading, and starch synthesis, as is explained in chapters 2 and 5. 
Furthermore, there are indications that a certain sucrose influx and/or sucrose levels are 
required for the upregulation of the expression of genes involved in sucrose-starch conversion. 
The effectiveness of this apparent sucrose-modulated mechanism depends largely on the type 
of sucrolytic route predominantly present in the cell. The down-regulation of CWI and the 
switch of an invertase-catalysed sucrose-degradation route into a Susy-mediated sucrolytic 
system allow import of carbon in the form of sucrose and allow high sucrose levels in the 
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cytosol. Moreover, hexoses released by the activity of invertases appear to have an inducing 
effect on respiratory(-related) metabolism, which is thought to occur at the expense of the 
carbon flux toward starch synthesis. 
Concomitant with the developmental switch in the sucrose-degrading pathway an increase 
in the overall activity of fructokinase can be observed. In situ analysis at transcript level and 
activity level indicated that the spatial and temporal pattern of this enzyme show a close 
resemblance to that of Susy. The apparently closely coordinated coarse control indicates a 
functional linkage between these two enzymes. As already mentioned Susy catalyses a 
reversible reaction, which is severely inhibited by accumulation of fructose. Fructokinase may 
downregulate the fructose content, thereby allowing a large net flux of sucrose degradation 
through the Susy-catalysed reaction. The other product of the degrading reaction of Susy is 
UDPGlucose (UDPGlc). UDPGlc can be converted by the enzyme UGPase, which does not 
show a development-related increase in our in vitro system, but is present at a high activity 
throughout the whole period of culture. The coarse control of this enzyme, just like that of the 
enzyme PFP, seems subject to modulation by high sugar levels. Both enzymes catalyse a 
reversible reaction, use PPi as an energy-donor and are able to convert the substrate of the 
sucrose synthesising enzyme SPS. In combination with Susy (and SPS), the reversible 
character of these two enzymes allows a process of sucrose/hexose-P and hexose-P/triose-P 
cycling, which offers the cell a mechanism to adjust rapidly and automatically the net rate of 
sucrose degradation in response to the supply of sucrose and demand for carbon in the 
respiratory and biosynthetic pathways in the tuber parenchyma cells. Measurements of the 
overall level of different hexose-P's during stolon-to-tuber transition indicated that tuber 
initiation and successive growth is accompanied with a decline in the hexose-P pool, which is 
in contrast with an expected increase due to the tuberisation-initiated rise in sucrose supply and 
degradation rate. A plausible explanation for this unexpected observation is that the level of the 
hexose-P pool has to remain low during tuber growth, because an increase in this pool might 
lead to an enhanced rate of sucrose resynthesis by Susy and SPS. Such an increase in 
unidirectional sucrose synthesis will lead to a decrease in the net rate of sucrose degradation, 
thereby lowering the net flux of carbon towards starch synthesis. Therefore, a low hexose-P 
pool might be an important prerequisite for a high, but adjustable net rate of sucrose 
degradation in Susy-mediated sucrolytic systems. A possible role for the enzyme PFP in the 
maintenance of a low hexose-P content is discussed in chapter 5. 
During successive tuber growth the overall activities of enzymes involved in respiratory(-
related) metabolism declined, indicating that tuber growth and starch accumulation does not 
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require an increase in the potential of respiratory (-related) metabolism. Concomitant with this 
decline the overall activity of APPase decreased also. In situ hybridisation with the presumed 
corresponding RNA probe revealed a substantial decline in mRNA content in the whole 
growing tuber. The Susy-mediated pathway of sucrose degradation depends on the availability 
of PPi, which is required by the UDPGlc-converting reaction of UGPase. The decline in 
activity of the assumed cytosolic APPase may prevent that the sucrose-degrading reaction of 
Susy becomes restricted by the accumulation of UDPGlc. 
Three other enzymes show a clear and large increase in activity after the onset of 
tuberisation, which is not observed in the non-tuberising controls. Two of these enzymes are 
known to be involved in starch synthesis. The enzyme ADPglucose pyrophosphorylase 
(AGPase) synthesises the precursor for starch synthesis and is thought to contribute to a large 
extent to the total flux control of carbon towards starch synthesis. The other enzyme is starch 
phosphorylase (STP), which catalyses a reversible reaction and may, therefore, be involved in 
the synthesis of starch or in its degradation. The patterns of both enzyme-activities correlate 
highly with the accumulation of starch in our in-vitro tuberisation system, which is consistent 
with their known role in the (cycling) process of starch synthesis. Starch accumulation seems 
to be a process of simultaneous synthesis and degradation. Two possible routes of degradation 
may exist. The first one can be catalysed by STP, the second one involves the activity of 
amylases. The (final) endproduct of amylases, glucose, can only be redirected into starch 
metabolism by the activity of a hexokinase. This enzyme shows a considerable increase in its 
level of activity after tuberisation onset. Activity staining revealed that this enzyme is present 
in the main starch-accumulating tissues of the tuber. The product of its reaction, Glc6P, has to 
be converted into GlclP, which serves as the substrate for AGPase and STP. The enzyme 
responsible for this reaction, phosphoglucomutase (PGM) also shows a considerable increase 
in overall activity after the initiation of tuberisation, although not that large as AGPase, STP 
and HK. Furthermore, the tuberisation-related increase in GlclP content in comparison with 
the decline in the content of the other hexose-P's, suggests that the reversible reaction catalysed 
by the plastidial isoform of PGM lies in the direction of GlclP synthesis. 
From this study on changes of carbohydrate metabolism during stolon-to-tuber transition of 
potato, it has become clear that the sucrolytic switch itself forms a central and important step in 
the differentiation process of starch-storing tubers. The direct implications and consequences 
of this metabolic switch for the regulation of carbon fluxes towards starch synthesis and other 
carbon-demanding process are discussed in chapter 2, 3, 4 and 5. In addition in chapter 5 an 
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effort has been made to place this tuberisation-related switch in a broader context of metabolic 
induction of growth-related and storage-associated differentiation processes, including the role 
and importance of glucose and sucrose as different signal-inducing molecules, modulating the 
expression of genes involved in cell division and respiratory(-related) metabolism (glucose-
responsive) versus differentiation into storage cells and sucrose-starch converting potential 
(sucrose-responsive). In chapter 5 is also discussed how these mechanisms might affect sink 
strength and thus the capacity to enhance the flow of photosynthate towards the cells of the two 
different types of growing sink organs and its importance for growth and/or storage. 
I l l 
Samenvatting 
Samenvatting 
De knol van de aardappelplant is een vegetatief opslagorgaan. Een aardappelknol ontstaat 
aan het uiteinde van een lateraal, onder de grond groeiende Stengel, die stoloon genoemd 
wordt. Dit proces heet knolvorming. Knolvorming bestaat uit de inductie, initiatie en groei van 
een stoloon, gevolgd door het stoppen van stoloongroei, en de inductie, initiatie en groei van de 
knol. De initiatie van knolvorming kenmerkt zich door het optreden van een zichtbare zwelling 
aan het uiteinde van de stoloon. De vorming van aardappels gaat gepaard met de opslag van 
zetmeel en van een specifieke set aan eiwitten. De precieze relatie tussen deze belangrijke 
veranderingen in het koolhydraatmetabolisme en knolvorming, en hoe deze veranderingen met 
de vorming van een opslagorgaan gecoordineerd worden, is echter nog grotendeels onbekend. 
Dit is fundamenteel gezien een belangrijke vraag, niet alleen voor de vorming van aardappel-
knollen, maar ook voor de vorming van andere belangrijke opslagorganen. 
Wanneer een aardappelplant eenmaal is overgegaan tot knolvorming dan kunnen in principe 
alle stolonen van de plant dit proces initieren. Maar dit gebeurt niet gelijktijdig. Dit gebrek aan 
synchroniciteit levert problemen voor onderzoek op, want het is niet mogelijk om van buiten af 
te zien of een stoloon op het punt staat om een knol te gaan vormen of niet. Een ander 
probleem voor onderzoek is dat de verschillende ontwikkelingsstadia op een plant elkaar 
zouden kunnen bei'nvloeden. Om deze redenen hebben we voor ons onderzoek een kunstmatig 
(in vitro) knolvormingsysteem gebruikt. Met dit in-vitro systeem konden we plantaardig 
materiaal in goed gedefinieerde stadia van knolvorming oogsten, die bovendien tijdens hun 
ontwikkeling niet door elkaar be'invloed werden. 
Saccharose is het uitgangspunt van het koolhydraatmetabolisme in groeiende stolonen en 
knollen. Het wordt geproduceerd in bladeren en van daaruit via het floeem getransporteerd naar 
de ondergrondse delen van de aardappelplant. Eenmaal aangekomen in de stoloon komt het 
waarschijnlijk via een apoplastische ontladings- en transportroute bij de cellen terecht. In de 
apicale regio van de stoloon is een hoge invertase-activiteit aanwezig, die toegeschreven kan 
worden aan de celwand-gebonden vorm (CWI). Dit apoplastisch invertase is instaat om 
saccharose te hydrolyseren, wat resulteert in de aanwezigheid van glucose en fructose in de 
apoplast. Door deze hydrolyse van saccharose in de apoplast wordt het verschil in saccharose-
concentratie tussen het floeem en de apicale cellen vergroot. De opbouw en handhaving van 
deze gradient in saccharose-concentratie is waarschijnlijk belangrijk om de aanvoer van 
saccharose in weefsels met een apoplastische ontladingsroute te waarborgen. Nadat de hexoses 
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de cellen zijn binnengegaan, kunnen ze in het koolhydraatmetabolisme terecht komen door de 
specifieke activiteit van fosforylerende enzymen. Een van deze enzymen, hexokinase (HK), 
vertoont een zeer hoge correlatie met CWI tijdens stoloongroei. Dit wijst op een 
gecoordineerde regulatie van de hoeveelheid activiteit van de twee enzymen. Bovendien liet 
kleuring van enzymactiviteit zien dat ook HK voornamelijk actief is in de apicale regio. In 
deze apicale regio vinden celdelingen plaats. De hoge activiteit van CWI en HK in deze regio 
in vergelijking met de rest van de stoloon suggereert dan ook dat deze twee enzymen mogelijk 
functioneel verbonden zijn met het celdelingsproces. 
Celdeling en groei vereisen een hoge koolstof-flux door ademhaling(-gerelateerde) 
metabolische routes om voldoende energie en koolstofintermediairen te produceren voor de 
biosynthese van DNA, RNA, eiwitten, lipiden en celwandcomponenten. Metingen van de 
activiteiten van enzymen uit de glycolyse en de oxidatieve pentose fosfaat route (OPPP) laten 
zien dat de extra vraag naar energie en koolstofintermediairen van delende cellen inderdaad 
gepaard gaat met een verhoogde activiteit van deze enzymen. Uit deze bepalingen kan ook 
afgeleid worden dat de regulatie van de hoogte van de activiteit van deze enzymen 
waarschijnlijk gecoordineerd wordt. Via zo'n gecoordineerd controle-mechanisme kan het 
potentieel aan ademhaling(-gerelateerde) metabolische routes afgestemd worden op de vraag 
naar energie en koolstofintermediairen. De hoge activiteit van CWI en HK in de mitotisch-
actieve regio van de stoloon verhoogt de aanvoer van koolstof naar de delende cellen en zet de 
aangevoerde saccharose snel om in metaboliseerbare produkten. Dankzij deze hoge activiteit 
van de desbetreffende enzymen kan er voldoende koolstof in de ademhaling(-gerelateerde) 
routes gestuurd worden. Deze twee enzymen zijn waarschijnlijk ook bij het proces van 
'glucose-sensing' betrokken. Het waarnemen van glucose en de daarop volgende overdracht 
van een signaal naar de kern ('glucose-sensing'), speelt waarschijnlijk een rol bij de regulatie 
van de transcriptie van genen (en/of translatie van corresponderende mRNA's), die betrokken 
zijn bij het proces van celdeling. 
Het enzym alkalische pyrofosfatase (APPase) vertoont tijdens de groei van een stoloon een 
zelfde patroon qua activiteit als de onderzochte enzymen uit de glycolyse en de OPPP. In situ 
hybridisatie met een probe afkomstig van een APPase uit de aardappelknol, laat zien dat het 
transcript van het desbetreffende gen in alle typen weefsels van de stoloon voorkomt. Voor dit 
gei'soleerde cDNA is gesuggereerd dat de corresponderende APPase-vorm in het cytosol 
gelokaliseerd zou zijn. Dit komt overeen met het gevonden expressiepatroon en het patroon 
van de totale APPase-activiteit tijdens de stoloon-knol overgang, die beiden niet door een 
amyloplastidische vorm verklaard kunnen worden. Delende cellen produceren een grote 
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hoeveelheid aan pyrofosfaat (PPi) tijdens de synthese van celcomponenten. Pyrofosfaat is het 
substraat van APPase. De omzetting van PPi door cytosolisch APPase (of de tonoplast-
gebonden vorm) is nodig om dergelijke readies in de synthetische richting te laten lopen. Het 
ongebonden fosfaat, dat bij de omzetting van PPi vrij komt, zou als een metabolisch 'pool' 
kunnen dienen voor de synthese van ATP uit ADP. Op deze wijze zou een coordinatie in de 
hoeveelheid APPase-activiteit en die van de onderzochte enzymen uit de ademhaling(-
gerelateerde) routes verklaard kunnen worden. 
De belangrijkste activiteit van cellen in de stoloon, die net de celcyclus verlaten hebben en 
niet meer aan het celdelingsproces deelnemen, is celstrekking, totdat een volgroeid en 
volwassen stadium bereikt is. De mitotisch-inactieve regio onder het apicale deel van de 
stoloon bevat een veel lagere intensiteit aan CWI- en HK-activiteitskleuring. Deze locale 
afname in de activiteit van CWI en HK kan ook uit hun enzympatronen tijdens de stoloongroei 
afgeleid worden. In tegenstelling tot CWI en HK, neemt het oplosbare zure invertase niet in 
activiteit af, maar blijft het over de hele stoloon op een constant niveau. In deze delen van de 
stoloon waarin de strekking plaats vindt, zijn de beide oplosbare invertases verantwoordelijk 
voor de mate van de 'sink'-sterkte, d.w.z. de capaciteit van een weefsel om saccharose vanuit 
het floeem aangevoerd te krijgen. Behalve dat het oplosbare zure invertase betrokken is bij het 
bewerkstelligen en handhaven van een saccharose-gradient tussen het floeem en de strekkende 
cellen en bij het afbreken ervan als eerste stap van het koolhydraatmetabolisme, kan het 
mogelijk ook een rol spelen in het proces van celstrekking. Celstrekking wordt fysisch 
bewerkstelligd door het groter worden van de vacuole, wat weer afhankelijk is van de 
osmotische druk en de water-instroom in de vacuole. De hydrolyse van 1 osmotisch-actief 
molecuul (saccharose) in 2 osmotisch-actieve moleculen (glucose en fructose) door de 
activiteit van deze vacuolaire invertase-vorm zal de osmotische druk in de vacuole vergroten 
en daarmee de waterstroom naar de vacuole toe verhogen. De strekkingszone van de stoloon 
heeft waarschijnlijk een lagere behoefte aan energie en koolstofintermediairen dan de delende 
zone, wat in de tweede helft van de periode van stoloonontwikkeling en stoloongroei in het in-
vitro systeem tot uiting komt in de afname van de activiteit van enzymen uit de glycolyse en de 
OPPP. 
Knolinitiatie gaat gepaard met duidelijke veranderingen in de activiteitspatronen van een 
aantal enzymen. In situ hybridisatie-experimenten laten zien dat de genexpressie van de zure 
invertases in de parenchymcellen van de knol in toenemende mate verdwijnt. Ook de 
activiteitsbepalingen en de in situ activiteitskleuring laten een afname tot een zeer laag niveau 
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zien. Daarentegen neemt de activiteit van het enzym saccharosesynthase (Susy) in de 
parenchymweefsels sterk toe, wat af te leiden was uit de in situ analyse op transcript- en 
activiteits-niveau, en de enzymactiviteit-metingen. Deze verandering in de metabolische route 
van saccharose-afbraak is duidelijk geassocieerd met het proces van knolvorming en het begin 
van de sterke accumulatie van zetmeel, omdat het niet plaats vond in de twee niet-
knolvormende controles. Saccharosesynthase katalyseert in vivo een reversibele, laag-
affiniteits-reactie, die onderhevig is aan metabolische regulatie. Saccharose-afbraak 
gekatalyseerd door invertases verloopt op een irreversibele wijze, staat niet bloot aan 
metabolische regulatie en vindt al plaats bij een lage saccharose-concentratie. Deze 
enzymatische verschillen in de twee verschillende saccharose-afbrekende systemen maken de 
Susy-gekatalyseerde route waarschijnlijk meer geschikt voor de complexe regulatie en 
coordinatie van saccharose-afbraak met knolgroei, symplastische saccharose-ontlading en de 
synthese van zetmeel dan invertases, zoals bediscussieerd wordt in hoofdstuk 2 en 5. 
Bovendien zijn er duidelijke aanwijzingen dat de genexpressie van de enzymen, die bij de 
saccharose-zetmeel omzetting betrokken zijn, door het gehalte en/of de influx van saccharose 
gereguleerd kan worden. De effectiviteit van dit saccharose-gemoduleerde systeem hangt sterk 
af van het type saccharose-afbrekende route dat in de eel dominant aanwezig is. Het 
verdwijnen van de apoplastische invertase-vorm en de switch van een invertase-gedomineerde 
route naar een Susy-gekatalyseerde route laat import in de vorm van saccharose toe en laat ook 
veel hogere saccharosegehaltes in het cytosol toe dan wanneer saccharose afgebroken zou 
worden door een cytosolische invertase. Bovendien hebben de hexoses die door invertase-
activiteit vrij komen waarschijnlijk een inducerende effect op het ademhaling(-gerelateerde) 
metabolisme, waarvan gedacht wordt dat dit ten koste gaat van de flux van koolstof naar de 
zetmeelsynthese. 
De aan de knolvorming gerelateerde verandering in de route van saccharose-afbraak gaat 
samen met een sterke toename in de activiteit van het enzym fructokinase (FK). Deze toename 
correleert sterk met de toename van Susy tijdens knolinitiatie en groei van de jonge knol. 
Bovendien blijkt uit de in situ analyse op transcript- en activiteits-niveau dat dit enzym in 
dezelfde weefsels actief is als Susy. De grote overeenkomst in de patronen van Susy en FK 
duidt op een gecoordineerde regulatie in de transcriptie (en/of translatie) van de 
corresponderende genen, en het suggereert dat beide enzymen in een functioneel opzicht 
gekoppeld zijn. Zoals al eerder gezegd katalyseert Susy een reversibele reactie, waarvan de 
saccharose-afbrekende richting sterk geremd kan worden door de accumulatie van fructose. De 
activiteit van FK zorgt ervoor dat het fructosegehalte laag blijft, waardoor een hoge netto flux 
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van saccharose-afbraak door de Susy-gekatalyseerde reactie gehandhaafd kan worden. Het 
andere produkt van de saccharose-afbraak reactie van Susy is UDPGlucose (UDPGlc). 
UDPGlc kan door de activiteit van UDPGlc pyrofosforylase (UGPase) omgezet worden. Dit 
enzym vertoont tijdens de overgang van stoloon in knol geen toename in activiteit, maar is 
tijdens de hele periode van in-vitro stoloongroei en knolgroei al in een hoge activiteit 
aanwezig. De regulatie van de hoeveelheid UGPase lijkt, net zoals bij het enzym PPi-
afhankelijke fosfofructokinase (PFP), ontvankelijk te zijn voor inductie door hoge 
suikergehaltes. UGPase en PFP katalyseren allebei een reversibele reactie, gebruiken PPi als 
energiedonor en zetten het substraat van het saccharose-synthetiserend enzym saccharose-
fosfaat synthase (SPS) om. Het reversibele karakter van deze twee enzymen, in combinatie met 
Susy (en SPS), maakt een proces van saccharose/hexosefosfaat (hexose-P) uitwisseling 
('cycling') en hexose-P/triose-P 'cycling' mogelijk. Deze 'cycling'-processen verlenen de eel 
een mechanisme waarmee de snelheid van de netto saccharose-afbraak snel en automatisch 
afgestemd kan worden op het aanbod van saccharose en de vraag naar koolstof in de 
biosynthetische en ademhaling(-gerelateerde) metabolische routes in de parenchymcellen van 
de knol. De bepaling van het gehalte aan verschillende hexose-fosfaten tijdens de stoloon-knol 
overgang laat zien dat het totale gehalte aan hexose-P afneemt na de initiatie van de 
knolvorming. Dit is in strijd met de verwachte stijging gebaseerd op een sterke toename in 
saccharose aanvoer naar de knol toe en in de netto saccharose-afbraak in de knol. Een 
mogelijke verklaring voor dit onverwachte effect is dat het niveau van de totale hexose-P 
'pool' in het cytosol tijdens knolgroei laag moet blijven, omdat anders de mate van saccharose-
vorming via Susy en SPS te hoog kan worden, waardoor de netto afbraak van saccharose 
minder wordt en dus de aanvoer van koolstof naar de zetmeelsynthese. Uit deze argumentatie 
volgt dat een laag gehalte aan hexose-fosfaten in het cytosol wel eens een belangrijke 
voorwaarde zou kunnen zijn voor een hoge, maar regelbare netto-flux van saccharose-afbraak 
in Susy-gekatalyseerde saccharose-splitsende systemen. Een mogelijke rol voor het enzym PFP 
in de eventuele regulatie van de cytosolische hexose-P 'pool' wordt in hoofdstuk 5 besproken. 
Na de initiele fase van knolinductie (dag 5-6/7) vindt er tijdens de verdere groei en 
ontwikkeling een afname in de activiteit van de onderzochte enzymen uit de glycolyse en de 
OPPP plaats. Deze afname suggereert dat voor knolgroei en voor de accumulatie van zetmeel 
geen toename in het potentieel aan ademhaling(-gerelateerde) routes nodig is. Gelijktijdig met 
de afname van de desbetreffende enzymen neemt de activiteit van APPase ook af. In situ 
hybridisatie met de vermoedelijk corresponderende RNA-probe liet een duidelijke afname op 
transcript-niveau in de hele groeiende knol zien. Saccharose-afbraak in een door Susy 
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gedomineerd saccharose-splitsend systeem hangt sterk af van het gehalte aan PPi in het 
cytosol. PPi wordt gebruikt voor de omzetting van UDPGlc door het enzym UGPase. De 
afname van het veronderstelde cytosolisch APPase kan daardoor voorkomen dat de saccharose-
afbraak door Susy geremd wordt vanwege een ophoping van UDPGlc in het cytosol. 
Drie andere enzymen vertonen ook een duidelijke toename in activiteit na de initiatie van 
knolvorming; deze toename vindt niet plaats in de twee niet knolvormende controle-systemen. 
Van twee van deze enzymen is bekend dat ze rechtstreeks bij het proces van zetmeelsynthese 
betrokken zijn. Het enzym ADPGlucose pyrofosforylase (AGPase) is verantwoordelijk voor de 
vorming van de precursor ADPGlc voor de zetmeelsynthese. Dit enzym levert een belangrijke 
bijdrage aan de totale controle van de koolstofflux richting zetmeel. Het andere enzym heet 
zetmeelfosforylase (STP). Dit enzym katalyseert een reversibele reactie en kan daarom zowel 
in de synthetische richting als in de afbrekende richting van zetmeel actief zijn. De 
activiteitspatronen van deze twee enzymen in het in-vitro systeem correleren sterk met de 
accumulatie van zetmeel na de initiatie van knolvorming, wat overeenkomt met hun verwachte 
rol in het ('cycling') proces van zetmeelsynthese. De accumulatie van zetmeel is een proces 
van synthese en gelijktijdige afbraak. Voor de afbraak kunnen 2 mogelijke routes 
verantwoordelijk zijn. De eerste wordt gekatalyseerd door STP en de tweede door amylases. 
Het (uiteindelijke) produkt van amylases is glucose. Deze glucoses kunnen weer voor de 
zetmeelsynthese worden ingezet door de activiteit van HK. Dit enzym vertoont een 
aanzienlijke toename in activiteit na de initiatie van knolvorming. De kleuring van HK-
activiteit laat zien dat HK in alle belangrijke weefsels van de knol waarin zetmeelopslag plaats 
vindt, actief is. Het produkt van deze reactie, glucose-6-fosfaat (Glc6P), moet omgezet worden 
in GlclP, alvorens het als substraat kan dienen voor AGPase en STP. Ook het enzym 
fosfoglucomutase (PGM), verantwoordelijk voor deze omzetting, vertoont een aanzienlijke 
toename in activiteit, alhoewel deze toename in relatieve zin niet zo sterk is als die van 
AGPase, STP en HK. De knolvorming- geassocieerde toename in het gehalte van GlclP in 
vergelijking met de afname van de overige hexose-fosfaten duidt er op dat het evenwicht van 
de reversibele reactie van de plastidische vorm van PGM waarschijnlijk aan de kant van de 
Glc 1 P-synthese ligt. 
Uit deze studie naar veranderingen in het koolhydraatmetabolisme tijdens de overgang van 
een stoloon naar een knol in een in-vitro knolvorming-systeem komt duidelijk naar voren dat 
de switch in het saccharose-splitsend systeem een centrale en belangrijke stap is in het 
differentiatieproces van aardappelknollen. De directe implicaties en gevolgen van deze switch 
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in het saccharose-splitsend systeem voor de regulatie van de koolstofflux naar de 
zetmeelbiosynthese en de andere koolstof-vragende metabolische routes is bediscussieerd in 
hoofdstuk 2, 3, 4 en 5. In hoofdstuk 5 is ook een poging gedaan om deze knolvorming-
geassocieerde switch te plaatsen in een bredere context van metabolische inductie van groei-
gerelateerde en opslag-geassocieerde differentiatieprocessen. In deze discussie wordt de nadruk 
gelegd op de rol en het belang van glucose- en saccharose-moleculen als verschillende signalen 
in de inductie en regulatie van de expressie van genen betrokken bij celdeling en bij het 
ademhaling(-gerelateerd) metabolisme (glucose-induceerbaar) en betrokken bij de 
differentiatie van opslagcellen en bij de regulatie van de capaciteit van de metabolische routes 
voor omzetting van saccharose in zetmeel (saccharose-induceerbaar). In hoofdstuk 5 wordt ook 
bediscussieerd hoe deze mechanismen de 'sink'-sterkte kunnen bei'nvloeden, en dus de 
capaciteit van de toestroom van saccharose naar de cellen van de twee verschillende typen 
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